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SUMMARY

A study was conducted by General Dynamics Convair Aerospace Division for the
I_SA Johnson SliCe Center under NASA Contract NA89-15012 m d0termine the
external effects caused by operation of the reaction control system (RCS) during
ent-_ of the Shuttle Orbiter. The North American l_ookwell International Prelim-
ina_ Requirements Review (PRR) configuration was used in assessing the effects
of the proposed RGS tnstallailon on control _tmplifioation fa0tors and a_rodynamtc
heating.

Applicable analytic and/or empirical methods wore identified f1'om a review of
available material, These _ffo_s concentrated on Jet plume - exte_'nal flow inter-
action effects, which as shown later, did not prove to be the significant effect.
Analytic methods exist for two-dimensioiwl Jets while empirical results must be

relied on for three-dlmensional Jets. An experimental p_o_ram was established ,
to extend empirical methods to the PRR oo_iguration. "I
Tests were conducted by Convair in the NASA Ames ReSearch Center at Maoh 7.4

and the NASA L_igley Research C_lter at Math numbers 4.0, 2.95 and 2.6. Force t
data were obtained at all co_iiflo_ with heat tratlsfer data also obtained in tl_ high
M_ch numbel' test. A description of the simulation parameters and test programs
as oondtwted a_'epresented along with a discussion of the final dam arid _tlysis
of results.

Force d_ttawere obtained for the basic airframe eha_aotetistics plus induced
effects when the RCS is operetta; the theusters _emselves being non-n_tric in
the aft position on the OMS pods. Resulting control amplification and/or coupling

,_, were derived and _ir effects on the aerodynan_ic stability and control of tim "
', orbiter aud the RCS thl'ust determined, Co_ol reversal with roll and pitch RCS

and strong pitch oo_ling when uBi_g tl_ yaw RCS we_ the predominant effects,
caused primaril_ by Jet plume impingefnent on aJaeeat sudaoes and not plume-flow
field interactior, s in the classic sense.

A linttted assessment of alternate RCS locations pointed to possible alleviation of
control problems, with acceptable heatt_ design ooast_'aints,by relocation of nose
downpitch r{CSJets on the bottomo_the at_bodyfi_.

Ae_'0dy_u_lO hea_lng analyses limited to t_ OMS pod based on available methods
and _xperiment_l da_a indicate a heatin_ problem_ which will require loOalincrease
It insulation thiek_oss to main_in aooep_ble bond limb t_lp_rat_es.

Finally an empirical model of _ ft(_S Jet phtt_e i_pingement/i_l_raotioa stabfli_
a_d cmlteol effeet_ was developS[ frown the dat_ b_se _mdused, a_o_g with the aero-
dynafftle heatl_q_ an_ysis r_e_red _ al_ov0, to estimate t_ vehicle aerodynamics
and aerodynamicpodheatl_ for the Ptta oonfl_rattou _do_g a_ entry t_aJeetory.
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i.0 INTRODUCTION

Control of the Space Shuttle Orbiter in orbit is provided by a reaction control system
(RCS), by aerodynamic surfaces during the approach and landing, and by the com-
bination of reaction control and aerodynamic controls from entry through transition.
During entry the control requirements are shared with the aerodynamic controls
being used to trim and maneuver the vehicle while the reaction controls are used to
provide the dynamic damping of the vehicles response to maneuvers and atmospheric
disturbances. Figure 1-1 presents an entry profile showing the regions of reaction
control, combined control, and aerodynamic control for a representative shuttle
orbiter entry.

The effect of lateral Jet plume inducing significant changes in the total vehicle
aerodynamic characteristics is well known as "Jet interaction" and has been studied
for a number of years as a potential control scheme. Thus, RCS plume induced
dis_urbances cannot be ignored during the Shuttle orbiter entry but must be investi-
gated to determine the magnitudes of any aerodynamic interference forces and
moments resulting from RCS operation in order that the control system performance
can be verified and its weight minimized.

This report documents the work performed under NASA Contract NAS 9-13012. The
' basic objectives of this program were to assess the aerodynamic interference effects

on a representative Space Shuttle orbiter induced by the reaction control system Jets
- interacting with the external flow over the vehicle and to obtain force and heat transfer

data of these interference effects.

The study was conducted in five phases:

a) Literature Survey and Test Parameter Selection
b) Model Design, Fabrication, and Calibration ..
c) Wind Tunnel Tests

_ d) Data Analysts
e) Confi[_'urationEvaluation

and the results are dooume_od in this report.

Reference 1 presents the test data for the force tests. The primary tests were'per-
f formed at a nominal Math number of 4.0 with Math effects assessed at Mach numbers

of 2.5, 2, 95 and a very limited set at Mach 7.4. The tests were performed primarily
at Reynolds numbers of 1.0 x 106/ft and 3.0 x 106/ft with a limited amount being obtained
at 5 x 106/ft to assess Reynolds number effects. The plume simulation was accomplished
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using tuntlelauxiliary air as a "cold gas" simulation through scaled rocket nozzles, The
rocket nozzles were mounted separate from the model so that the forces m_asured were
of the vehicle and Interference only.

Dtt#ing the force test, pitch, roll, and yaw ItCS no, ales were simulated using nozzles
whose geomet_ was determined by n_tching full scale exit pressure ratio, momentum
ratio, amt thrust ratio on a reierence entry traJDotery. The primary force test
variables were Maoh, angle of attack, model geomett_, and nozzle supply pressure,

The heat transfer tests were performed at a 1Viaohnumber of 7.4 using temperature
sensitive paints as the means of obtainlr_ heating data. The heating data were
obtained at a lteynolds number of 3 x 10'6'/ft, angles of attack of 25, 30, and 35 de-
grees and yaw angles of 0 and 5 degrees. The plumes were simulated using nitrogen
as the test gas with helium used for two runs. The yaw nozzle was the primary no_le
simulated and heat transfer data was only taken on the OMS pod containing the RCS
package. Primary test variables were angles of attack and yaw.

In addition to the force and heat transfer data, surface flow visualisation was obtained
at Maoh 7.4 _sing a titanium dioxide off mixture and at Math 4 using a fluorescent oli
_ch_l.qtte.

The conf_tratton chosen to perform this study was the preliminary reqpirements
review (PP.1t) configuration of the space shuttle orbiter shown in Figure 1-2. The
reaction control system used during entry is located in the Orbital Maneuvering
System (OMS) pods located on the rear of the body at the base of the fin. Figure 1-$
shows the location of the _ters on the OMS pod. Each pod contains 12 engines
with 4 in the yaw plane and 4 firing up and 4 firing down in the vertical plane. A
nominal e_try uses only 2 of the 4 engines in each plane, however, pitch control is
obtained by using the vertical thrusters in both pods symmetrically and roll control

•" by asym_tric firing of the vertical thrusters.

t
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Yaw Thrusters
Left Rear Module

4 Pitch/Roll Thrusters

;:., NOTE A SIMILAR MODULE IS MOUNTED ON RIGHT
.,_ OMS POD. v
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I
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Figure 1-3. Rear RCS Paok_e Location
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"it
2.0 ANALYTIC METHODS i,

' 2. i LITERATURE SURVEY _
I

In the beginnt_ of this study it was assumed that the primary lntc_aorion would be i'_
claSsic Jet interaotion between tl_ flow along the side of the body and the yaw Jets.
It was envisioned at that time extensive interaction would occur between the yaw Jets
end the flow over the OMS pods. Tlie I%CSJets are far from the wing and vertical
fin so that impingement on and interactions with wing and fin flow were expected to
be small.

Therefore, the objectives of the litsra_re survey at the start of the prngram were to
review ltvallable experimental data, correlation techniques _mdanalytical procedures
for separated hypersonic flow due to lateral Jet interference _pplieable to the RCS
_ters for entry vehicles. An extensive literature search was performed both on
a NASA linear tape search said a DDC senroh on Jet and cavity effects under oompa_-
funded research. More than 1000 report rifles were obtained, of which approximately
140 were found of interest to this study. The key objective was to find all experimen-
tel and analytical data pertaining to local pressdre and heat transfer distribution due
to cavity and Jet interference and these references are found in Appendix A.

The reports which were found most suitable for cavity effects are those presented by
the iuvesflgation of reference A-1 through A-24. The literature s%trveys for documents
applicable to the Jet-flow field interaction are those of references A_.21 through A-144.

Analytical teohniqttes which define the Jet-stream interaction problem for two-dimen-
sional Jets (slot orifices) are fairly well described by th_ models utilized for numerous
studies such as by Vat, ban, Barnes, et al, Theyer and Kaufman, references A-134,

-108, -141, and-ll8j for both supersonic and sonic Jets interacting with _ high speed
stream. The description of the three-dimensional flow field resulting from the dis-
turbance of a _erse otrotthtr Jet witti a stream is more difficult to define and

most of the investigations utilized experimental data for their analysis, The free
stream ard Jet _as par_ters become important ccttsiderations to defin6 the inter-

action. The majority of the invcsrigarions were iniflated to obtain the Jet-stream inter-
terence _orce aogmentation or surface loading. The studies of Strikej Btlig, et al and
Wilson,- l_ere_3e A-122, A-143, add A-132, resulted in some desoriprion of the three-
dimensional flow field, heWever, little or no attention has been given to the heat trans-
fer problem, Only the experimental results p_sented by Bre_ig and Strike in
references A-22 through A-24 were fotmd to be speoffieally eppltoable to this study
and to the OMS pod heat trander analysis,

Tim test results showed _ however , that the plttme in_raotions far from the nozzle
lnteractin_ with the separated flow over the wi_ rip (yaw nozzle) or implying on the

2-1
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wing trailing edg_ (pitch/roll nozzle) are more important to the induced momet|ts on
the vehicle and the resulting control effeotiven0ss. Thus a limited survey was made
of plume impingement and plume interactions which is presented in Appendix B. No
suitable documents were found for these problems.

2.2 JET IMTERACTIONANALYTIC MODEL

An analytic model of the classic Jet interaction effects was developed from available infor-
mation, and Figure 2-1 presents a sketch of a typical three-dimenSional laminar Jet-stream
interaction flow field constructed with the aid of the experimental data of references 2 and 3
along with the interferogram photograph of Figure 2-2. It can be observed that tile
Jet plume acts as a protuberance that causes the boundary l_er to _sparate around the
Jet. Within the separation region, counter-rotating vortices are formed and where they
meet and tt_n downward, a stagr_tion region is experienced. As noted by the p_essu_e
distribution, a plateau pz'essure is established, around the Jet in the separated region.
Also noted Are the pressure rise to several times that of the plateau pressure at the
staglmtiollline of the strong vortex flow region. Exception to this iS a small region
Ju_ b6hind the Jet where the pressure is first reduced by the interaction and then
increases at Jet reattachment. The stagnation condition will cause strong pressure and
a resulting heat transfer spike around the Jet. As indicated by the sketch, the Jet
flow is confined by an intercepting shock at the Jet boundary and then passes throtBh
a strong shook, the Maoh disk. The extent of the separation region may be detel'min_d
by the size of the Jet protuberance or the height of the Mach disk. Around the Jet,
the airstream will pass through a boundary layer separation shook and then throt_h a
Jet interaction bow wave. A reattachment shock is usually observed downstream
the Jet where it turns to follow the wall. In the intefferogram photograph of Figure
2-2, the fringe line spacing corresponds to a variation in the local gas density. In a

: high density region such as a shock wave, the line density will increase. A top view
' ' Of the various flow re, ions over the surface, shown in Figure 2-1, ,-yes constructed

from experimental data results and photographic observations in laminar flow.

In turbulent flow, the Jet-stream in_raot_n Will affect only a small portion of the

1 surface, while for transitional flow _o_ditio:_, the region of interaction will havecharacteristics which oombin_ both l_mtnar end turbulent flow interaction. The
exl_z'lmeatal p_es_u_e data Of Figure 2-3 indicate these characteristics,where the
different types _ flowweee obC_ned by tnez'easing the angle Of attack. It should
b6 notedthat in some oases the flow Willseparatefrom the _ edp of the surface
when the Jet dynamic pressure is much higher than the stream dya0_do p_ssure
in _ flow.

2.2.1 _ET INDUCED pBESSUBE - In order to predict the control amplification which
results from Jet interaction it is necessary to predict the extent of the separated
region and the plateau pressure in this region and both of these quantities have

2-2



CASD-NAS-,73-020

been shown by Va_han (reference 4) and others to be primarily d_pendent on the let
penetration Iteight or Maoh disc height. Most of the data to date ts ba_ed on slot
inJeo_tou (2-D) or sonic orffi0e intection. HoWeVer, for a supersonic orifice Adamson
and Niohells (reference 5) have proposed the _ollowin_ correlation"

'While for' a 2-D slot injection Vaugttan (reference 4) used the follov/tng relafloh

PD

i

__, where sin_AV corrects for the flow deflection up to the disk in c_ule of a notl-normalI I.

,J, injection.

i
The _periniental data of references 9. ands present_i in Figuro 2-,4 indiod_ that

i the penetration height_HI_ normalized to the Jot exit diameter, dJ, clan b_ corrolated
by momonttml ratio by the empirical relation.

o. S"/

).

where I is the momentum flux

and the Jot conditions a_e taken at the nozzle exit.

2-3
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of reference 3 appea_ed related to momenuun r_uo u,mv _ _ ---_-

ship was obtained by curve fltt_ the data of Figure 2-5:

0.264

t.J 1_

It sl_otdd be noted tl_t these equationS are based on air as the stream and Jet gas

medittm for a total tempemfltre ratio To 1/To, ® of 0.4. The effect of the ratio d

specific heat , moleottlar weight and total temperature will be considered later.

l:_..fe_nce 3 found that a good approximation of the effective slope o_ the dividing

stres_dlfLe is defined by the tangent of the Jet penetration height, H, divided by the
t_etr_un sepa_atiofidistance, xse p

tan 6 a H/Xse p (2-5)

: Tim pressure in the separation region oan then be obtained from the obliqu_ shook
: relation:

I - 1 _ "1_'_"11-1_®+

where _ u psep/p®

2-4
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These laminar fiat plate relationships were found to b_ Inadequate for the
turbulent flow case and the method used by Va_l_tn (reference 4 ) for turbulent flow
prediction would appear to ]_e better. An emplrical relation w_s obtained for the separa-
tion region pressure as fun,_flon of the upstream Math number in reference 3 and is
shown in Figure 2-0

Jturb Mref (2-7)
Pref

e

while a tUrbtdent separation distance empirical expression

,_ 0.96

k dj Jturb

is shown in Figures 2-7.

_' ' The _ak pressure in the strong Vortex region in laminar flow was further correlated
" with the Jet to stream momentum flux ratios and the data presented in Figure 2-8

gives the following empirical equation

o.ze5 (_-9)

i:i i, LPref" lain I. • ref j

: A correlation of the location _ this peak in lamtmr flow was also obtained from

,ii the data of Figure 9.-9

' = 0.798
JJlam (_-zo)

Typical .pressure distributions in laminar and turbulent flOws on a fiat plate around
a conical nozzle pr('duoed by the interference of an expanding sul_rsontc air Jet
plume with an envelopi_ high speed stream is shown in F._'e 2-10, In laminar
flow the upstream pressure in the separated region is shown to decrease in magnitude
as the flow travels around the. Jet,due mostly to the increase in local flow velocity.
This radial plateau pressure, P _, decreases to about 80% of the oenterline value
at. = 9o°, andtoapproxim_%% at. = 4r.

J

3-5
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The effect of Jet [_as temperature and moleoular weight, and oluBtcrtng on the center-
line pressure distribution were also obtuined from the experimental results of
references _ and _ and the foll_.wtng expression was derived for these effeots

P/Pref = P/Pref (TP) (MP) (NP) (2-11)Corr

where the correction factors TP, MP, and NP are defined below. The data indicate
that the Jet gas temperature would s/feet the pressure only slightly as shown on

o Figure 2-11. The correlation of the data gives a multiplying correction factor to

the plateau and peak pressure for air as a function of Toj/To=, expressed as

.0.25

Tp =[(Toj/To )/0.41 (2-12)

Tile effect of molecular weight was obtained by comparing the experimental result_
using helium and air as the injection gases. The data on Figure 2-12 shows that
the p_M_kpressur_ is primarily affected when both gases are at the same total pressure
_d t6mp6rahlre, The limited amount of e_rimental data indicate that using helittm
gas will increase the peak pressure by a factor of 2 while the distance to the peak was
also moved closer to the Jet by a factor of tWo. Until more experimeflt_l data becomes
available the following peak pressure and peak distance correction factor to account
for the gas molecular weight based on the ratios of kinetic energy of the Jet gases is

f! recommended,

where

A cluster of four supersonic conical nozzles cperati_ at the same mass flow rate
l' as of the sitq_lesupel'sonionozale was used to obtainthe effect of clustering. The
_ data on Figuee 2-18 show that the pressure distribution of both oonflS_mttions is

almost identical for the plateau region while the peak pressure is redttoed by approxi-
mately a factor of two using a cluster of four nozzles. It should be noted that an
effective Jet exit diameter was used for the fot_ nozzle configuration which was based

on the diameter of a single nozzle having the same exit area or

die. n_ j " 0 0
J
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where n is the number of nozzles and the distance Xr was measured from the center
of the cluster. A_in, tmtfl more experimental d_ta becomes available, the effect
of olusWring may be takentnto account by correcting the peak pressure by the factor

NP = 1/_cfi (2-14)

Thus the data of references 2 and 3 show that the separation pressures are related
to momentum ratio as the primary parameter and with temperature and gas effects
less important.

2.2.2 HEAT TP_.NS,FER DISTRIBUTIO.N- Typical laminar heat transfer distribu-
tion obtained from the experimental results of references 2 and 3 arolmd a three-
dimensional Jet-stream interaction are shov,n in Figure 2-14. The reference values

of neat transfer, h i' correspond to the heat transfer coefficient without Jet.stream
interactions. It s_hld be noted that the peak values around the Jet are located at
the same distance from the Jet as were the peak pressure data of Figttre 2-10. The
effect of Jet gas total pressure on heat transfer is presented in Figure 2-15 along
the Jet centerline. Again, the locations of peak values for heating can also be
correlated with the peak pressure distance. The data indicate that there is a strong

Jet-stream mixing in the separated region induced by the Jet. The evidence ofthis
mixing is further shown in the heat transfer data of Figure 2-16 which presents the
effect of the Jet gas stagnation temperature. The effect of molecular weight is in-

]_I : dieatedby thedata of Figure 2-1_ which compares the air and helium used as the Jet
-- _ gas. The heating is Shown to increase with decreasing molec.ilar weight which was

also found to be true with the peak pressure data.

Tne effect on the star6 of the _ layer is shown along the o6nterline of the Jet

_ on Figure 2-18 for laminar, transitional and truculent flow. The results were
. obtained by increasing the angle of attack of the fiat plate. Similarly to the pressure

data in laminar flow, the jet-stream interaction is shown to affect a relatively large
portion of the fiat plate m laminar flow, while for a turbulent boundary layer, the
effect is limited to a smaller portion of the surface around the Jet. Also, the transi-
tional boundary layer Jet-stream interaction heat transfer distributions will have
characteristics of both laminar and turbulent flows. It is noted that peak heating is
most critical for a laminar boundary layer. The phase-change paint qualitative heat
transfer contours of Figure 2-19 indicate clearly the high heating regions for a
laminar and turbulent Jet-stream interaction. The paint in these test melts at a
prescribed temperatt_e and the edges of the dark areas in the pictures are lines of
constant heat transfer. The dark areas will experience higher heating than the

' remaining surface. This type of data indicate in particular the high heating in the

w

,I
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strong vortex region in laminar flow which has a horseshoe shape and a complicated
flow pBttern for a turbulent boundary layer.

An attempt was made to correlate the peak heat transfer to peak pressure for the
laminar Jet-stream interaction. This type of correlation is shown in Figure 2-20
from which a simpl_ empirical expression was obtained

h/hcf - 0.89(Pp/Pre l"5
Furthermore, since the heat transfer was found to be very sensitive to the variation
of the Jet gas stagnation temperature, the correlation of the data presented in
Figure _0a gives a correction factor to the heat transfer, referenced to the value

at Toj/T ° _ = 0.4 as

[(Toj To®)/(14] 1"5Th= / (9.-16) '_

The effect of clustering and molecular weight on peak heating can be obtained simply
by maki_ first a correction to the peak pressure a_l then use the equation from

' Figure 2-20 to obtain the heat transfer value.

O0000001-TSC03....
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9.3 RCS PLUME MODEL

2.3.1 FLOW FIELD NEAR RCS

The Jet interaction results described in the previous section were (as in all Jet inter-
action models) given for a surface that is exposed to the external flow and the Jet
alone induces the separation. The question is whether such a model works for a£t
mounted RCS packages on the shuttle. Figure 2-9.1 presents a hypersonic approxi-
marion of the wake region at the RCS package. The separation line in this case is
the projection of the wing leading edge rising with angle of attack and shielding the
wing upper surface and OMS pod. Based on such a wake it is evident that Jet inter-
action as such would be a low angle of attack phenomenon (_ < 15° ) and that at high
angles of attack all the Jets will be exhausting into a wake region allowing the plume
to penetrate the flow at some distance from the nozzle. The hypersonic
approximation would assume that the wake region is a region of dead or still air with
a Separation pressure'which can be approximated by a base pressure coefficient

-9
Cp = •M2 (9,-z7)

This is a convenient assumption to mal_e and is used to analyze the plume and
: impingement characteristics.

:! In reality the flow field over the leeward surface of the fuselage of delta wing con-
,, : figuration will be very complex at the angles of attack experienced during entry.

i' ' Vortices will be formed due to wing and body flow separation with reattachment on
the side and on the upper sur_ce of the fuselage as shown in the sketch of FigUre 0.-9.2.
In particular, the vortex which reattaches in the region of the pod location is caused
by the lower pressure regio_ experienced over the delta wing upper surface at angles
o_ attack, from which the bcmxlary layer separates and leaves the surface as a vortex

• _ sheet of finite thickness which rolls up into a vortex. If the vortex is close enough
I to a su_ace, the down flow will cause reattaohment and resulting high heating rates.

The severity of this phenomenon is influenced by the Reynolds number, Maoh number,
angle of attack and body geometry. A quautitative dermination of this heating with

: existing analytical techniques will be very difficult without the experimental data
since it is influenced by numerous interrelated parameters.

2-9
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j2.3.2 PLUME SHAp_ - If the plume is eximusttn_ into a wake region where the pressures !
a_e appz'oachi_ a vacuum, then tt ts possible to use an approximate metl_od for the flow ,!

_ field properties by a rocket exlmusti_ into a vacuum as a model. Reference 6
presents a model which assumes that the nozzle flow of an ideal gas expands isentrop-

toedly from a nearly parallel nozzle of exit radius, rj, and Maoh numblr. 'Mj . The
flow in the far field approximation approaches radial flow from a point source where
most of the mass and momentum were contained in the central core of the Jet with
density decreasing both aloflg and normal to the Jet ecnterline. The density distri-

_ bution ot a spherical cap at a distancex from the nozzle exit is given by
i:

..p_ = E /.Vj _ /X__ "2 (cos e) E'I (2-18)

pj 2 _ ax/Vm

I
i

. where 1 + _ Mj _
E m ,, 'i .- '

(_l i+ i

Vj =. + 2 , 2L

,L

0 = azimuth angle from Jet eenterltne.

A similar solution of reference 7 gives the density on the oenterline a_.

-2

.i. - B(_-) (2-19)
Pc

.,_.

4 At Po /

and D(_)= 0. Z4for y - 1.4

- 0. t28 for y m 1.22

2-10
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The fa_-field approxin_tion appeeLrsValid athos the RCBnozzles are smell relative
to the vehiole. Forexample the wing is appproxtmately 30 nozzle diameters from the
pitehnozle_o

The Lookheed6pointsolutionofreterenoe8 developedfromthemethodofoharaoter=
Istiossolutionsoffersa methodforcomputingplumeoontoursfarfromtheno_leand
was usedinp_dioting'theplmnetmplngementareaInthis.studyz

=.56S (_40)

(t'max/z'j) = O.d6 f20'91

,1"-_-t e_- (1+,M_1/'(1- .in,_)"1

_ 1/4 _M_)l/e(1sin,O).1_ ,. (Xn_/rj)((._t) (1+

atx - _ xmax;(_): .,a, (rmx/rj)°"es

at X * _- Xmax;(rm,) * 0.871 (rmax/rt) 0.999.
rj

8 ,,, ,r,

at_x - T "=_a rj_* o._6_(r_45)
i: The plume diameter at the wing was omnlmtedusl_ the 5 point method emdthen an

I_eltlmptionsil_ar to th_ vaotlu_ solutions of .iS_t_opioflOWfrom thenozzle was used
to dete_lnlne the plume Maclaand pressure at that point;

_ _l.8. 8 PLUMJ_IMPIN_E.I_I_. '- The reaotion control systems Jets exhausting downward
' will impinge on,the Win_and body flap, It is also possible that the upward firing Jets

• ' may imping_ at an oblique _l_le on t_ fin,

, ' ' _ The downward ftr_ Jets at I_h Maoh number (and high altiWde) wttt be exhausting
-- into tim _pe_'t,e,t_Mwake _ he_ the wing (Flip:e _.-B1)wbiohwill be htgh a_l_ of
' attack (a = 800) and so it is reasonable that the vacuum tmplngement sohematto (Fifcure 2-_$)

•' may be l'epresel_tative of t_ flow field at plume impingement. A detached shook wave
_ olose to the surface would be formed t_ the high Maclanumber flow tmptn_t_q_on the

plato. The _anslou of the.Jetis unaffected by the sl_ookwave or t_ surface that
oa_ed it beoause it is at high _peracnio Mao_ number, A resion of subso_ie flow

_-11

,-_,, ..-_ _0_ _ ,._ -- ,,, -,,,._
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exists between the etron8 shook and the. suz_atoe as the flow turns and moves out

radially from ttte sfag_ton point and eventt_ly passes through a sonio lil_ and
becomes suporSonio again. Reforenoo _ derived an approximate formula for tl_
shook stand off distanee _ from a mass flow balance and arrtved at the following
relationship

where K = P.._.2
01

and from normal _lzoek rea_om:

,+,X),MI
Pl

;_. Th_ standof_ distmloe (_)was used as a oOrrelatiot), parameter in S6etiofl 4 using the
5 point method described kbove to define Maoh ahead of the Jet. ' The solution fo_
stalxl off distanoe needs to be iterated starting with the .dist_e to _ plate_ It was

assumed that the surface pres,sttre ,oottldbe predieted by a Newtoni_n approximation

•. z cos 2 e + P1 (2..18) "PW ': 1.86 _ Pl M1

beoattse of the htgh Maeli n_ber of the plume and the large tttrnie8 _le. it was

l htrther assumed in the plume ,impingement oaloulations performed that t_e stagnation
pressure (0- O) o.ould be applied aoross the whole region of plume tmpaot beoattse

. the rapid botmda_ layer lztfld up on the plate will it_p the pressttre from deo_in8
as(eos0).

2-12
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2.4 SIMULATION FARAMETERS

2.4.1 JET FLO W,PARAMETERS = Thaycr (reference 9) showed from a dimension-
at analysis that any appropriately non-dimensionalized flow field property (FP) for
plume flow interaction depends on the following sot of dimensionless groups

Fp-.f. eOMe,Y,e'Mj,yj %T_' e '

i where

R
eL, = Reynolds number

:_ M = local Mach number

_£ = local ratio of specific heats

Mj = Jet Mach

_j = Jet specific heat ratioI

_ P = Jet supply pressureoJ

P£ = local ambient pressure
i'

. Rj = exhaust gas constant

Toj = exhaust gas stagnation temperature

R_ = external flow gas constant

T = local ambient temperature

Dj ffi Jet extt diameter

L' = reference length

2-13
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In a Lub-scale test program, _everal parameters can be matol_l by using a sealed
model tested at the correct free stream Maoh number. Exoluding conditions whore
real gas effects become important, matching the free stream Maoh for a correctly
scaled model results in eorr_t values of local conditions of

M, T/T, p /p
Scaled geometry of th_ Jet exit writ also insure matching

D/L,
leaving Reynolds number and Jet properties still to be handled. Since ambient
pressure and temperature in a wind tunnel seldom match free stream properties
a parametric variation of

.+,.,,.5.t,,,.,:,
P+ R+T+

canbe made todete_mln6theinfluenceofthemismatch ofthevalueson theflow

field property, Theneed for simulating the energy ratio, R]Toj/R£T_, depends
._' upon the mEIgnttude of this ratio. Thaye_ has shoWn that little el/cot was observed

when this value was below a ratio of 9. Thus, ff the full scale ratio is 9 or below,
any cold gas simulation should be adequate based upon his criteria. The Jet
interaction data of equations 2-19. and 2-18, however, did show that gas temperature
and mol6eular weight do exert a secondary effect on plateau pressure. Values
of the Jet Maoh mtmber and specific heat ratio must be handled differently. Since
sub scale nozzles typically would not represent a realistic simulation of the full +"
scale RC8 unit, it b_oomes diffiotflt ff not impossible to match Jet properties.
Howevez_, as Piadzola showed m reference 10, it is the ratio of Jet-to-local gas
propert_s arid not the absolute value_ of gas prop6rties which are significant. It

•. then becomes a p_oblem of establishing which stn.ulation parameter is significant
in that the cOSt o| simulation grows enormously as more parameters are simulated.

Tim simulation parameters established by Plndzola are summarized in Table 2-1
along With the addition of Herronts parameter for correlating plume size.

The first two ps!_neters in Table 2-1, the boundary in a quiescent and a moving ,.
stream, represent matching theplume i_tial t_rning angle, _v, as it leaves the
nozzle. This would be important primarily in eonJunotton with Herronfs parameter,
re_ereno6 11, whioh is a correlating parttmeter for pl ume size and is direotly

dependent upon Pm/P_ in defining the Math number of a fully expanded plttme-j
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Table 2-1, Summary of 8oaling Parameters

"-"-J_T ' .....GENERAL
CHAI_ACTERISTIC SIMULATION PAI_METEI_

i n iii Hi , ms I I

quteseeat Medium " Tj'_Mj '
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(M4_). _.twould represent plume impingement in a qutesoent medium whereeqda_ofl 2 Z0 og 2 24 show Pot/P® to be an imporCent lmrameter. The total

pressure ratio parameter Pot/P® can be very difficult to match for a healed nozzle
ff flight conditions represent'very high attitudes where the quiescent medium condition
(o. g. space vacuum) is approaclmd because wind tunnel ambient pressures are much
higher than free stream reqUirinE very high chamber pressures or an out of scale
nozzle.

Jet interaction in the classic senSe is best simulated by momentum ratio matching
as can be seen from equations 2-3 through 2-8. This parameter establishes the
Maoh disc or Jet penetration height which in turn defines the separated and re-attach-
i_ zone pressure and heat transfer behaver, ff exit pressttre ratio is matac_l along
with mometttum ratio on a model tested at the cozrect free stream Math ntunber, then

thrust ratio is also m_:ohed. At hisher exhaust Mach numbers, _j _ Mj and the
boundary criteria (initial turning angle) will be closely simulated idlowing matohtr_
of three Piz_Izola parameters simultaneously for a scaled ncazle.

" Pindzolats parameters allow for soalt_ nozzles wh_re the test Math number does
not 6qual that of the free stream. Such a test would violate Thayerts criteria

(equation 2-24) becaUse the 1oo_ Maoh number (M_ wc'zld be incorrect. The
resultant error m_ not be large ff the ln_raction is not dependent upon Maoh number,

• a phenomena observed for other aOrod_mic behavior in the I_personio Maoh region.

2.4.2 REACTION CONTROL SYSTEM ENGINE PERFORMANCE - The reaction

i col .ol system enlpne which was selected to use in this study by NASA.OSC is a
bFd_zine (N2H_) monoprop_nt thruster usi_ catalyst be_s _or propellant de-
composition. H'ydrazine decomposes into ammonia, bydrogen and nitrogen as a
monoprop_aflt. The reaction takes place in two separate steps, _ first step
is the reaction of hydra_ine into ammonia and nitrogen.

H4"4 s+

2-16
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The second step is in the decomposition of ammonia into nitrogen and hydrogen

2NH3"bN2 + 3H2

The first reaction is exothermto and the second ts endothermle. The combustion

temperature of the gas is therefore a function of the amount of the ammonia de-
composed, X, which will affect the performance of the engine. Figure 2-24
summarized the performance of the RCS thrusters. The gas chamber temperature,
molecular weight and composition were obtained from reference 12. Using a
combttst_on temperature of 2000° F, the following gas composition and molecular
weight is obtained with about 40_ ammonia dissociation.

N2 = 28%

H2 = 36%

NH3 = 36%
= 14.7 Ibm/mole

Using an exit to throat area ratio, A4/A t of 20, a ]etgas exit temperature of about

room temperature will be experienced and a let exit ratio of specific heat _] = 1.22
was obtained for the mixture of gases.

2.4.3 TRAJECTORY AND NOZZLE FLOW PARAMETERS -

The reference entry trajectory used to establish the flight environmental conditions
, _ was the Rockwell nominal guided entry trajectory (trajectory number 2007) provided

i by NASA-JSC and is shown in Figure 2-25. The Reynolds number for thts trajectory "
i is shown In Figure 2-26 based on the vehicle length of 112 feet while, the ambient
i_ pressure history is shown on Figure 2-97. Figures 2-28 to 2-34 present various full
i scale nozzle flow simulation parameters based on the trajectory of Figure 2-26 and

the nozzle data from S_tion 2.4: 2. The decline in the momentum ratio curve above

_ Mach 8 In Figure 2-2ft oc_trs only oVer a limited Maoh range and at higher Math num-
bers the momentum ratio ztses to a value near 1000. Based on the assumption that Jet

interaction par ._ter.q w_ld hold for this problem also; the most important parameters
to match are momentum ratio and thrust ratio. However, thrust ratio is matched
and plume turning angle is approximated for a scaled nozzle when Jet exit pressure
ratio and momentum ratio are matched simultaneously at a matched free stream Math
number test condition. These two parameters (exit pressure ratio and momentum ratio)
were then chosen to be matched at flight and test Math numbers of 7.4p 4.0, 2.95,
and 2.5 using the computer program of reference 6 to size the scale nozzle. When

free stream Mach and tunnel Mach are the same the Jet exit Maoh (Mj) scales directly

2-17
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by the ratio of the _ of tho rocket exhaust to the test gas to be used.

Reynolds number was to be treated as a test var/able and the full scale no_£1e total
temp_r_,tur6 ratio (R,T^JR T ) was approximately 8 whtoh places the simulation
on the region of Tha_er_ ot_where ldnetio energy ratio is not an important
parameter.

!

i
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Figure 2-6_orrelatton of Supersonic Jet Laminar Upstream Separation Distance

in a High Speed Stream Over a Flat Plate
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Ftl_ Z-8. Correlation of Supersonte Jet Lamtnar Peak Upstream Pressure
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b) Turbulent Flow _ - 30o

Figure 2-19. Typical Phase Change Paint Data which Indicate High Heating
Regions from Three-Dimensional Jet Stream InteracUon
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Figure _-S6. Reynolds Number History aloos Entry Tra|eotory
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8.0 ]_XPEBIMENTAL PROCEAM

8.1 TEST PROGRAM

The NASA-ARC _]-1/2 ft Hypersonic Wind Tunnel (reference 18) was utilized for
_ypersonic oil flow, heat transfer and limited force tests, This faolli_ is a blow-
down tunnel with a steady-state testing time of about 1 to 9 minutes. The pump time
between runs is from 1 to 1-1/9. hours and the air is pumped from vacuum spheres to
high pressure bottles. During the pump time, a pebble bed heater ts heated to the
desired tunnel stsgnation conditions using gas heaters. The tunnel is run by passing ,
the high pressure air through the pebble bed heater through an axisymmetrtc nozzle
into the test chamber which is connected to the vacuum spheres. The nozzle and test
section are cooled by helium which is introduced through an annular slot in the nozzle
at the subsonic entrance. The tunnel has a nominal Mach range of 8 to I0 with 3
fixed Mach number nozzles, with a usable test core of abo_ 26 inches; however, the
Mach number 7.4 was the only nozzle used during this test program. All tests were
made at a nominal Reynolds number of 4 x 106/foot.

The model support system is housed in the test chamber on the right side of the
nozzle. This system is hydraulically aot_ted into and out of the flow and serve-
controlled over an angle-cf..attack range of _:18° . A sting off-set adapter was used
to achieve an.angle -_f-attack range of +9 to +380 degrees for this test. Tw o yaw
adapters(_5 ° ) were _[so used during these tests. The model is injected from the
side into the nozzle flow after ttmnel start and the model is retracted in a similar
manner. Injection or retraction transient to or from the tunnel centerline is about
0.5 seconds. Operation of the wind tunnel is automltc with tunnel total pressure
programmed into a controller prior to a run. Angles o_ attack were manually set
during a rim, yaw angles were set between runs. ¢.

Force and pressure data were recorded on nmgnetio tape and were reduced off line.
Heat transfer data was recorded by a 1_0 frame/second movie camera moun,_l in the
test chamber using temperature sensitive paint as the test medium. Oflflow data was
obtained using a ti_tnum/oxide vacuum oil mixture on the model _nd taking still
photographs after tl_ run was completed.

Test section 9 of the La_ley Research Centerts 4 x 4 _t Unitary Plan Wind Tunnel
was used for supersonic force and flow visualization tests. The test section 2
(reference 14) has a nomin_ operating raz_e from MAoh 9..3 through 4. T and test
section dimensions of 48 inches by 52 inches by 84 i_ches. The Unitary PM Wind
Tunnel _PWT) is a continuous flow facility in whinh the Mach _mlber is controlled by

an asymmetric slidi_ nozzle block and in which tunnel stag_a, tion pressure
and temperature can be controlled independently of Mach and of eaoh other. The tunnel

_, 3-1
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condittotw used for this test prod'am inoludedz

Math Reynolds Number Pc Tunnel TOTuunel

2.6 $ x 106/ft 17'.68 PNA 160"F
2.96 $ x 106/ft 2S.47 PSIA _50° F
4.0 1 x 106/ft 13.67 PS_ 175"F
4.0 3 x 106/ft 41o02 PNA 166° F
4, 0 8 x 106/ft 68.38 PSlA 176' F

The model was mounted on tim _Justable a_le couptt_ on the sting and the angle
i of att_k was set by adjusting the coupling. Tlte angle of attack range of the eoupli_

was from-_' to +40°. The test was limited to 35 degrees for the Maoh 4

case with the exception of the high Reynolds number (5 x 106/ft) case where sting
couplinE load limits caused the angle of attack to be restricted to 25 degrees. Yaw
angles were set to a maximum of _:5° using the existing support sting mechanism,
The model force da_ was obkttnedfrom a NA_ p,:0vided kEter_ strain gage balance
(Ls_ley Balance Nember 8a9) and a limited 6e_ of oil flow runs were m_de using a
fluorescent oil techuique,

3.I.I._ODEL AND .ZNSTRUMENTATIONDESCI_PT_ON -Thewindframe!model
used in this test pro_T_ wa_a 0,015 scale model Ofthe PRR orbiter configuration
as defined by RI drawings (reference 15)and shown in Figure $-1 installed in the
LanSley UPWT. The model consists of the following parts w_olt were out or nmolmted
from I_PH st_a_01ess Steel.

a. z'emovable nose
b. Upper fuSel_e afterbedy
o. lower fuselage afterbody for wing-off

: d. lower-aft fusel_e cover (heat shteld/oover)
_ e. fuselap aftsfl:_odyfairies

f. OMSpods
g. vertical

,, h. tall-off block
_ i. wing.

J. manipulator _Ltring
k. _ tip dummy RCS pod .
1. bsl_oe adapter for the 6-component balance
m. non-metric RCSplenum and supply line
n. seven (V)nozzle configurations
o. rtTV oMs pod

Two left handoMS pods were made; one from stainless steel for the force tests
and the other with an RTV tubber covering for heat traflsfer tests. The RTV z_lbber

3-2
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OMS pod has a white grid on the surface to assist in the heat transfer data reduction.
In addition one left nozzle block in a yaw nozzle configuration was also fabricated _th
an RTV covering for the heat transfer tests. Figure 3-2 presents two views of the
complete model showing the RTV rubber OMS pod and nozzle installed on the left side
of the model and set of piteh/roU nozzles installed on the right side. Reference 1 pre-
sents a complete set of model drawings.

The complete model except for the reaction control system plenum and nozzles was
mounted on an internal force balance which was attached to a sting as shown in the
sketch of Figure 3-1, Thus the force and moment data obtained during the _est did
not include the thrust and flirust moments but only the basic configuration and the
induced loads from Jet interaction. Figure 3--3 shows the location of the Jet nozzles
relative to the moment reference center of the model.

Section 2 presented the reaction control system engine characteristics end the flight
parameters which were to be matched in the wind tttmiel tests. Four test Math
numbers were selected at which the flight conditions would be used to design nozzles
matching _ scale pressure ratio, either momentum ratio or ma_s flowrate and
air or helium as test gases using the computer program of reference 16 to si_e the

i nozzles. The three conditions included air as test gas matchi_ momentum ratio and
pressur_ ratio which resulted in a scaled nozzle with an expansion raflo'_)_ 7.37, air

_ as the test gas mate[zing mass flow ratio end pressure ratio which resulted in a
sealed nozzle with an expansion ratio of 2.58; and helium as test gas matching momen-
tum ratio and pressure ratio which resulted in a scaled nozzle.with an expansion ratio
of 3.62.

The model nozzles were then designed as 15 degree oonioal nozzles with a circular
throat one diameter in length. Five yaw nozzle blocks were fabricated as shown in *
Figure 3-4 and include:

a. N. - Twin nozzle yaw configuration having an expansion ratio
_7.37

b. N - Twin nozzle yav: oo_lguration having an expansion ratio
o_2.58

c. N3 - Twin nozzle yaw configuration having an expansion ratio

of 8.62

d. N5 - Single nozzle yaw cc_tguratton having an equivalent nozzle

area as (a) above with an expansion ratio of .7.3.7

e. N7 - Twin nozzle yaw configuration in RTV surface having an
expansion ratio of .7.3'7

These yaw nozzles were scarfed by computing the theoretical nozzle exit diameter
to a fiat surface at the outside of the block contour and contouring the block after

3-3
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the nozzl0s were drilled. The tWin nozzle nonfigu_ations w6re located so that the
oznterline of the nozzles were 1.5 exit diameters apart. All yaw nozzles were
perpendicular to the longitudinal oznte_lino of the vghinle and parallel to the xy
plane.

Two pitch/roD, nozzl6 blocks were fabricate_ as shown in Figure 3-5 having tWin
nozzlec with an expansion ratio of 7.37. These nozzles arc located in the flat upper
or lower portion _t their blocks and thus are not scarfed, The nozzles are perpen-
dicular to the vehicle centerline and are parallel to the vehicle plane of symmetry.
Model strettgth requirements prevented these nozzles from being mounted as close
to the edge of the nozzle block as would be desired for scale location resulting in
nozzles locat6d 0.25 inch tabeard of the scale location. Figure 3-3 shows the
nozzle locatim2 relative to the motnent refez'ence center.

Vacuum cl_qmber calibrations were performed on each nozzle in order to determine
the actual performanoz of rite _zzle set so that the test data could be obtained at the
correct thrust levels. Data was obtained at 5 psia and 3 psia backpressure in the
chamber using dry nitrogen as the test gas for all nozzles and, in addition, helium
for nozzle N3, The theoretical nozzle characteristics were used to define the supply
pressures to be used in the tunnel to match p_essut'e ratio and momentum ratio and
these pressures were then corrected to test values using constant thrust and the
calibration curves.

The test gases used at NASA-Ames were dry nitrogen and helium which were supplied
from high pressure bottles manifolded together to provide a steady flow rate without
excessive pressure drop during a data run. The nitrogen bottles were connected to a
tank truuk of gas which was the primary supply for these tests. FigUre 8-6 presents
a schematic dtdgram of the gas control system. The Grove ltegulator (R2) was used
to adjust the model plenum pressure by monitoring the output of the plenum transducer
(TD$) on a digital volt metex_. Gas flow into th6 plenum was turned on and off using
the solenoid actuated valve.

The gas used at the Langley unita_ tunnel was dry ai_ which was supplied from a
high pressure lille immediately adjacent to the tttnttel. The gas metering system was
similar to that shows in Figure 8--6 in a more simplfled form. The gas system
operator was located next to the tunnel and directly controlled the Grove regulator
which monitoring plenttm pressure on a digital volt meter. Figure 3--6 without the
valves in the test chf.mber and gages in the control room is a good representation of
the flow control system at Langley.

Force data obtained in two test f_telUties required a different force balance was used
at each facility, ATask Mark XIV 1 inch balance was used at the Ames I_?persontc
tunnel which has an allowable load range of:

r
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a. normal force 800 1_
b. side force 400 lb
c. axial force 100 lb
d. pitching moment 1600 in lb
e. yawing moment 660 in lb
f. rolling moment 250 in Ib

The balance used for tl_e tests at the Langley Unitary tunnel was the Langley 839
1.25 inch balance which has an allowable load range of.

a. normal force 800 lb
b. side force 200 lb
c. axial force 60 lb
d. pitchhlg moment 1600 in. It)
e. yawing moment in.lb
f. rolling moment 400 in. lb

The primary test objectives were to obtain force, heat transfer, and oil flow data
from the model with and _thout RCS simulation in order to determine the interaction

I, effects between the RCS plumes and the airflow around the vehicle. However, in
! order to determine the nozzle thrust for correlation with the other data one pressure
i

measurement was required in the model nozzle plenum ohaniber as shown schematic-

i ally in Figure 3-6. In addition one oopper-constantan thermocouple was mounted in
! the nozzle plenum chamber as is shown schematically in Figure 3-6 to provide a
_ direct measurement of the temperature of the gas supplied to the nozzles. This
_ gage proved to be fragile during the test programs, however, and little useful

data was obtained from it.

During the heat transfer tests at NASA-Ames _lditional Iron-Constantanthermocouples
were used to measure the temperature of the RTV surfaces of the OMS pod and the
RTV yaw nozzle block shown in Figure 3-2.

3.1.2 TEST pROGRAM - The hypersonic test program which was performed at
NASA-ARC (HWT test 156) at a Maoh numbel _of 7.4 included 17 oil flow runs,
14 heat _ansfer runs, and4 force runs as shown in Tables 3-1, 3-2, and 3-3
respectively. Six force data points were obtained on each of the four force runs;
Jet on and Jet off at three angles of attack. The data was taken in this manner to
minimize the effects of temperature on balance output between the Jet on and off
data points. The nozzle chamber pressure given in these tables are nominal values
set for a given run.

3-5
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Table 3--4 presents the force and off flow supersonic test program performed at
the Langley Unitary Plan Wind Tunnel (UPWT test number 1031) at Maoh numbers
from 2.5 to 4.0. Eighty two (82) force runs were obtained ms were four (4) fluorescent
oil flow runs. The prims-,_r runs for lVlaoh number effect were made at a unit
Reynolds number of 3 x 106/ft while Reynolds variation fron_ 1 x 106 to 5 x 106/ft
were obtained at a Mach number of 4.0. The effects of nozzle and vehicle geometry
were tested at a Reynolds number of 1 x 106 because the lower tunnel pressure made
it possible to test a larger range of nozzle static pressure ratio with the existing air
supply. No gas is shown on Table 3-4 because all of the tests were made using dry
air as the test gas. In addition to the force data, Sohlieren photographs were taken
at angles of attack of 20" for Math 2.5 and 2.96 and at angles of attack of 25° , 30° ,
and 35° at Math 4 on most data runs.

The test was made with natural transition. All data were corrected for balance and

sting deflections due to aerodynamic loads. Flow angularity oorreoti_s were made
.., from existing flow calibrations. No adjustment was made to axial force or drag data

for cavity or base pressure.

i The reference aliment;ion values used as the constants in the data reduction
i equations to convert the measured forces and moments into aerodynamic coefficients

are:
$

!

1 a. reference area _e_ = 0. V245 ft 2

b. longitudinal reference length (cMAC) ffi0.6569 ftL

o. lateral-directional reference length (bre _ - 1.2596 ft

d. cavity area (Aoavi _ = 0.03883 ft 2

_ e. reference moment center
_ I. model station 15.951
'_ W. model waterline 6.000

3-.9
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Figure 3-8 presented a dts4D'am showing the location of the nozzl6d relittive to both
the model and balance centers. All da_ was run at zero control defleoflon on the
control suHaoes.

Tl_ data presented in this r_q_o_t wiU be body axis data. This was done to reduce
: thedata manipulations requi_ed to obtain the incremental indttced affects from the

balance measurements.

3.1,8. DATA ACCURACY- Table 8_4 Jhows that a _r of repeat data rtms were
obtained at the Langley UPWT for the b_sie ocmf_ion wi_ no jet sfmulatton,
These repeat runs include the foll_ conditions:

a. 4 rtms at M = 4.0, Re _ 1 x 106/ft
b. 4 z_ms at M - 4. 0, Re .. a x l0 e/ft
e. 2 _ns arM.. 4.0, Re=, 6xl0e/ft
d. 4 rims at M.. 2.95, Re.. 8xl, 6/ft

i e. 4 rttns at M .. 2.8, Re .. 8 x 10 /ft
f. 2 runs at M .. 4. 0, Re..lxl0 /ft, _..2.5 _
g, 2runs_tM= 4.0, Re.. i xlOg/ft, _=

and these 9Z runs were u_d to evaluats the data aceurm_. A mean value of angle
of attack and of all the aerodyflamie ooeffiolents was computed for _ a_le
attack within each of the 7 data sets given in a to g above. The difference between

fl the mean values and th6 indivuduel data points were then computed for t_ a_le of
i _ at_ck and the six oomp(ment aero data. Tile aer_ynamie ece_elent differences
_ :' were then oonve_lb_k into force anti moment measuremeuts to remove tile

. tunnel dymmfle pr0se_e effect by mulflplyi_ them by the dynamic pressure fo_ "
eaoh run and the _eference area and approprtate reference length, Assumi_

ii that angle _ attack, Reynolds mzmbee, and MSCh nmnber bays little effe_ on
i balance resdin8 error, we now have a data oonectton of approximately 180samples
! of readi_ error for each balance force and moment cemponent. Axial _oroe data
• was not presented because of its loW p_ori_ in thts test pz_qp_tm. The root mean

square value of each data set was computed and is shown below compared to the
quoted balance ao_ of 1/2 percent of full scale and the most pmm_b!e error is
shown in the table on the,followi_ pep. The most probable error is the value for
which the pz'obability of this error is 80_.

_-14
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Component _/_o_ Fat! Scale RM___SS MPE. = t 67 (RMS)

a. Normal Force 4 lb 1.12T ib .76 lb
b° Side Force i tb .206 Ib °189 ib
o, Pitching Moment 8 in lb 2.8 in lb 1.55 in lb
d. Yawing Moment Z in lb .336 in lb .966 tn Ib
e. Rolling Moment 2 in lb .566 in lb .382 in lb

In order to work in coefficient form it iS neoeSsa_y to divide the most probable
error by the test condition dynamic pressttre and the model reference conditions.
Thus in coefficient form the error is worst for the lowest dynamic pressure case

which for this test was Msch 4.0, Re = 1 x 106/ft and the incremental errors are:
Component Erro.____r

ACN .00725

ACy .00135

ACm .025

n .ooi71
.00288

When thrust is not included in the balance!cads, the errors in amplfftcatton take the
form

2CB (3-1)
*"* KMI_ A " CT _- ACT
._ o, °,o

where &KM - error in force or moment amplification

ACB = balance force or moment error

ii ACT = thrust error due to pressure instrumentation
L

C = thrust force or moment coefficient
T

l Figure 3-_ shows the error for the force and moment amplification factors as a

I function of nozzle supply pressure. These data are plotted against nozzle chamber
pressure rather than thrust since it is easier to compare with the run schedule in

ii this manner. The normal force amplification will have a large scatter at allpressures and would not be expected to be very good. In contrast the moment ampli- ,
fication factors should have reasonable scatter.

3-15
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3.2 HEAT TBANSFER DATA SUMMARY

The space shuttle force model which v_s modified by fitting the silicone rubber OMS
pod and nozzle inserts was tested at a nominal Mach number of 7.4 and a nominal
Reynolds number per foot of 3.75 x 106. The angle of attack was varied from 25O to
35° and the yaw angle from 9O to 5° . Jet on and Jet off conditions were simulated
using beth nitrogen and helium as the Jet gases, A summary of the run schedule, the
test coflditions, the model attitude and the Jet gas conditions are given in Table 3-5.
The exact tunnel test conditions varied only slightly from the nomtflal values sht 7n
in that table.

3.2.1 HEAT TRANSFER 'rEST PBOCEI_RE -

Prior to a run, the silicone rubber surface of the model was cleaned with a solvent and
sprayed with a relatively thin coat of a selected (Tempflag (_)) temperature sensitive

i. paint. The paint displays a phase change from an opaque solid to a colorless liquid

_ at a known temperature. The paint s u_ed ill this test changed phase from 169° F to
331° F. Unoel'tainfles in the specified phase change temperature are estimated by the

i manufacturer to be one percent. The OMS pod and nozzle inserts surface phase
change progression during each rtln was continuously photographed by a 35 mm camera
mortared hi the test chamber. Online monitoring of the progression of the phase change
was done through a closed circuit video system. The 35 mm camera was operated at
about 10 frames per second and fluorescent light illuminated the model. The camera
was started a few seconds before the beginning of the injection cycle and remained on
until the model was retracted from the atrstream. The model initial temperature
was measured using a thermooouple embedded into the rubber part of the model.
After a run, the model was removed, residual paint washed off with a solvent and re-
painted for another run.

The data reduction of the phase cha_e paint toohuique assumes that the surface
temperature of the rubber model is equivalent to the heating of a semi-infinite
slab with a backface temperature that remains constant during the test event.
Assuming that the silicone rubber material thermophysical properties are in..
variant with temperature the heat conduction sohltion is

O

Pm
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Usi_ thefollo_u_ boumiaryoo_lUon8

T (y, 0) a Ti

T (®,t)-T i

k

Assuming _ttt the _ is subject to an tt_ztfl_zneotte and t_mtant he_t traus_er
ooeffioient a clo_ed form solUflofl is olZz_d (ref_menoe 17). "

T -T. :I
:i -w i . 1 - • erteco (S-4)
' Taw. Ti

/

• +

At meltt_, the Sul'faOetemperature is _m_tmed to be the same as the phtt_ olla_e
temperature OrTw ,_T +. Tofactlita_ datareduce.ion,thetunnelsta6nzttontempera-

., ture, TS0was_ed tns_ o_theSdiSbatio_ temperature,Td_v. Theft the vahzeof
the heat transfer ooeffiolent, h, will be independent of tim looal flow properties. The
f_eneral _t_lofl a_l_i_ that f_re iS nOerror i_roduoedfrom waU ourvatu_, that
tZemodelts isothermalbefo_injection, noradiationfeomthelightsandnotempera-

!, _Ulq_di_n _ _ m_°ps_ _ themodal.The thermophysioal prop_les
ofthe stltooue_ubl_rmatertalusedinthistestare

:, 0 - 0.804 B_ma F

_+ k - O.Z_x t0"s Btu/seo-ft-°_

The pham oha_epai_ patzerus or i_oth_me, pbOto-+eoozdedon 98 mm films at
diso_te timein_z_al_werep_oJeotedon _ t_blefor tracing. Seleotcdtsotlset_s
were tzqmM mid the _ _me_er ooeffiolente oomput_l by the me_od p_esented
above. Tl_se oa_iolent_ wer_ tlzen tq_tioedto _ tl_oretioal heat tmn_e_ ooeffi-
otentz at the st_q_ton point o11a soaled om_-foo_zqtdit_ sphe_ Usi_ the Fay and

+ Rlddell equationinthe followl_fo_m (t.e_e_en_ 16).

I
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Since the model scale is 1.5_, rm0.015 ft fo_ tilts teat. The heat tralzfe_ ooefftolents
computed for the scaled sphere arc also presented in Table 3-5.

3.2.2 HEAT TRANSFER DATA ANALY_S
Typical heat trahsfer distributions presented as isotherms over the pod, o_
from the phase change paint test data a_e shown in FigUre 3-8and for comparison
Figure 3-9 shows oil flow piotttres of a nearl_ similar condition. Ifldioated for the
Jets off oondition are the high heating regions over the pod from wing indttoed vortex
reattaeliment_ With the yaw RCS th_-'usters operating, the flow over _ pod becomes

, separated ove_ a sizable region ahead of the Jet. The avernge heating over the
separated region was reduced doe to the wing vortex lift-off oaused by intezactio_
HoWever, the plotted data show that the peak heating value produoed by the Jet
still remain higli when compared to the case without int_mction.

Figure_*10shows the effect of increasing aq_le of attackin causingthe _on
heating to become more _ymmetrio a_oimd the conterline of no_.les while Fi_t_e 3-11

shows the effeot_ at 5 degrees windward yaw,

A summary ,if the heat transfer test results with and withoqlt Jet, stream int_l_ottOeLe
U_ing nitrogen as a Jet gas is sho_ in Ftgtt_ 3_ and 3_1_o The data are plotted at
a'=30° which is the angle of attack used for the major part of the entry traJec_l*y,
Also shown is the angle of yaw effeo_ where a yaw engle of p=-IP will essentially
double the hestt_ rate from a nominal _0 _ . Figure 3.-13 indioates that _ the
pod, withottt Jet tnteraotton, the heating level would be about 8 fixed that of the

laminar fiat plate value at _07 ,o_umtng • boundary l_yer length ot_-inattng from "
the orbiter nose, The data with Jet-stream tnteraotion show peak heath_ values higher
than withottt interaction even thot_h, as noted in _e isotherm dat_ the wing vot_tox
iS displaoedo

Using the correlation obtained from the e_perime_al data of the RCS Jet-interaction
test at AEDC Tunnel B pres_lted in Soottofl Z,_,_peak heat tran_ex' value and the
location over the model were comPUted. Falrl_ good prediction is shown for the pe_
location while excellent cot. ,,sties is ob_tmd _or tl_ peak heaft_ value, when local

; heating without inte_tction is _tssumed to be tha_ of the _ fiat plate value. It is
noted that the peak heating values were obtained by. e_tion of _ paint data _d

;i_ that faired curves are similar tn shape to those sbotm in Section g,g. _t both for the
oenterli_e and off o_eelino dtstetbutlons.

" '_.
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3.3 FORCE DATA SUMMARY

Table 3-3 and 8-4 summarized the force data runs which were obtained at NASA-ARC

and NASA-LRC respectively and this section will briefly show Some ret_resentaflve
data which was obtained. Complete force and moment coefficients are shown to
illustrate the magnitudes of the changes caused by the RCS Jets relative to the total
vehicle aerodynamic coefficients. Interference data which is computed as the differ-
ence between Jet on and off data are also presented. Reference 1 presents the force
data in greater detail. The analysis of this data will be presented in Section 4.

The balance measurements with the Jet on included the basic vehicle aerodynamics
pltts the induced load from Jet interference.. The definition of amplification factor
is:

_CMt (3-6)
KM= . , , +i

CMT

where KM = force or moment amplification factor

ACMi = Inoremeni_l force or moment coefficient
induced on vehicle by Jet

CMT ffiJet force or moment coefficient

:' The incremental induced effects wits computed from the difference betweon the
Jet-on and off data.

:.t A

i_ _c - cM.- c.
Mt

(3 7)

where = measured force or moment coefficient with

CjIV[. Jet on

CMo= meamlred force 0_ moment coefficient wit_ Jet off

Becatme the incremental values can be very small and thus sensitive todata scatter,
the mean values of the Jet-off coefficient data were used as the best e_aates of

the Langley data at its mean value of aisle of attack and this corrected for the angle
of attack difference from the mean to the Jet on case.

I
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cMt" CMowhere

_M = mean value of Jet off force or moment coefficient
O

So = mean value of let off angle of attack

i! _, _j = jet on angle of attack
.4

M .t
, _ =slopeof o

i' ?

The slope ,-_'_-_"] of coefficient was obtained by curve fittlng the mean value data of
. / all sLxfox' d moment coefftotents versus mean angle of attack with 3 point curve

i ' fit equation.

I_ CM = Ai + A2 _ +A 3 _ 2 13-9)il _ o
: i

il _ and computing the slope at the _ for the mid point
i'
r ,

_, dC M
.._ = 9.A3 _ + Az (8-I01

!; o_ the interval. No such oorreettons were made of the Mach 7.4 data because of '

_, the limited data.

} The thrust force and mome_ coefficients were computsd ateach jet ca data point
using the thrust equation 15-11).

3-21
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where

T = thrust ~ lb

2
AT = nozzle throat area-in

AE ffi nozzle exit area~ 12

7 = exhaust gas ratio of specific heats

P _ ambient pressttre ~p_a
i a

, Pj = nozzle exit pressure ~ psia

PoJ " noz_.le chamber pressure ~ psia

The nozzle throat area was computed from the nozzle calibration data, the

exit area w&s computed from calibration data throat area and design expansion

rattoj the nozzle exit pressure (Pj) was computed from chamber pressure (PoJ)
i and desiga expansion a_le, .Pwwas _sumed to be ttu_l ambient pressure and was "

recorded for each da_t point, and Pc| nozzle chamber pressure which was recorded
. for eacB data point. Tins poin t topoiBt variation in thrust due to supply pressure

and hnmel opez_ton should be aocotmted for ia.the thrust force and moment coeffi-
cients and in amplification factor preseBted in this section,

3.B. 1..BASIC CONFIGURA_'IONDATA- Figure 3-14 presents the effect of MathI I . I_I_ _ _I ..... ___ _ III • I WIL JL

number on the vehicle aerodynamics witho_tt ttOS operationas a function of angle of
_ attack. The normal force data Figure 3-14a and the axial force data Figtt_ 3-14o

show typical decreases in foro_e data with increasing Maeh number at constant angle
' of attack while the pitching moment Figure 3-14b shows an increasingly nose up
, moment illus_a.tIng the increasing,importanee of nose and leading edge bhmtness

effects and decreasing Icewal_i surface negative pressures at higher Maeh numbers.

3-22
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3.8.2 YAw JET DAT,A - The yaw thrusters are fired on one side at a time for
yaw control. As shown in Figure 1-3 the yaw engines fire over the trailing edge of
the wing in a spanwise direction. The left side yaw engines were the only engines
Simulated in these tests, thus, the e_glne thrust will cause a positive side force and
a negative yawing moment. Figure 3-15 presents a representative sample of the

force data obtained with yaw Jet on data obtained a_ Mach 4.0 with a range of supply
pressures from 35 psia to 600 p sis. This data shows that the yaw Jet induced no
significant change in normal force and axial force. There is, however a definite
increase in nose up pitching moment with increasing chamber pressure. The lateral

directional data Figure 3-15d shows that the left yaw Jet acts principally to induce
a left wing down roll particularly at angles of attack above 20° . There appears to be
no yawing moment induced and a slight increase in side force noticed at the highest
chard_ er pressure.

, Figures 3-16 and 3-17 present the incremental force and moment data as well as the

side force and yawing moment amplification factors at the scaled flight conditions
where freestream nozzle momentum ratio and exit pressure ratio were matched.

The incremental yawing moment data of Figure 3-17 shows very little scatter aroundL

zero and the amplification factor lies between. 9 and 1.0 indicating very little adverse
interference. The incremental side force data of Figure 3-16 in contrast shows more

scatter as predicted in the error analysis, with Maoh 4.0 data consistently higher.
This is interpreted as the result of the reading errors since the nozzle pressure at

Mach 4.0 was only ?0 psia for matching and a probable error _Ky, of. 4 wasestimated (FLg_tre 3 7). Figure 3 18 shows the close agreement between the
Mseh 4. 0 and Msch 7.4 data when compared on a pressure ratio match only. Figure
3-19 shows that there may be a slight pressure ratio effect on yaw amplification

but no 6discernable Reynolds number effect over the range from i x 106/ft to
L 5 X 10 /ft at Math 4.0. The effect of yaw angle from +5 ° to 16° is shown on

Figure 2-20 where positive yaw shows a slight gain in yaw amplification. Figure

'_i _-21 shows that Jet supply pressttre effects are negligible on yaw amplification.
!_ Figure 3-22 shows mo_e clearly the pitch up and roll induced on the vehicle.

Figure 3-23 shows that the yaw Jet plumes are apparently bent over to impinge on
the wing.

3.3.3 ROL L JET DATA - Roll control simulatJc_,_ were performed for positive
roll (right wing down) with the nozzles on the left side exhausting down toward the
wing while the right side nozzles exhausted up past the vertical fin. In thtb way a
roll couple was to be generated without any other forces or moments. Figure 3-24

presents a sample of the data obtained with roll |_ts Off and a comparison of the
effects of nozzle chamber pressure on vehicle aerodynamic characteristics at

Math 4.0. The normal force shows a slight reduction as the chamber pressure
increased while the pitching moment shows a large nose up pitching moment is
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generated su_icient in size to counteract the basic configuration moment and trim
the vehicle at 15° angle of attack for the highest chamber pressure tested. The _ial
force which includes base pressure decce_ses with increasing nozzle chamber pressure
to about 50%at the highest pressure tested. The lateral-directional data does appear
to show a strong angle of attack influence on the changes induced by chamber pressure
with the induced effects being strongest at the lowest angle of attack. Positive roll
jets operati_ indllces a negativa rolling moment on the vehicle which opposes the
control, a no_e right yawing moment, and a side force to the left.

The incremental rolling moment data at scaled flight conditions (FigUre 3-25) shows
tl_t the right wing down roll Jets induce a left wing down rolling moment on the
vehicle. The net result is a decreasing amplification factor with increasing angle

of attack with complete cancellation (K_=0) at about 20 degrees angle of attack and
roll reversal at angles above this. Figure 3-26 shows good agreement between
Math 4 and Math 7.4 amplification factor data at the same nominal pressure ratio
indicating small Math number affects except at the htghes_ angle ofattack. Figure

i 3-27 shows a strong effect of supply pressure (and thus momentum ratio) at lower
angles of attack with an abt u_t redaction the incremental rc+_[lingmoment at angles
above 25".

The effect of operating the two sides of the roll control separately is shown ix:
FigUreS 3-28 and 3-29. The plume interference with vertical fin flow is strongly
dependent on angle of attack (Figure 3-29) decreasing as the body shields the fin
from the flow. In contrast the data of Figure 3-28 shows that the in_uced roll from
the plume interaction with the wing flow is essentially independent of angle of attack
and is of s_fleient magnitude to completely cancel or reverse the control input.

_ Figure 3-30 shows oil flow visualizations of the interaction of the plumes with the
wing and vertical fi_, Note tt._ difference in flow in the wing in views a and b in
particular.

The induced affects shovm in Figure 3-24 are shown in incremental form in Figure
3-:31. The roll Je_ induce a small reduction in normal force, a sizeable nose up
pitching moment, and a large reduction in axial force which must all be due to the
plume/wing flow interaction. At the s_ne time the plume/fin interaction produces
a large _avorable yaw at moderate angles of attack. The induced side force, and
yawing moment appear to be sensitive to angle of attack while, axial force
pitching moment are most sensitive to nozzle pressUre and largely independent of
angle of attack,

In summary, the test results show that the roll o_tl+ol thrusters induced large count-
eracting loads on the vehicle at all Mach numbers which result in very low control
effectiveness _d even reversal. The problem was shown to be largely due to the
plume interaction with the wing flow.

t
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3. _ 4 NOSE DOWN PITCH DATA - The pitt_h Jet effect data were obtained using the

pitch Jet on one side only on the assumption that the cross feed effect are small.
More recent Rockwell data has indicated that the effects are small but significant in

terms of reducing amplification on the nose-down pitch Jets as the plumes impinge
on the body flap and feed across the base of the vehicle. The single side data does
iudicate L_ trends and cross feed is a secondary effect.

Figures 3-;12 to 3-35 present a summary of the nose down pitch data obtained in
these tests with Figure 3-33 showing that a pitch reversal was experienced at all
Mach numbers test_ in this program at scaled flight conditions. Fl&mre 3-34

_ ,_h_vs a large variation in the incremental pitching moment as a function of supply
prelJsure but a zero amplification at all pressures. This curve clearly indicates

tl_t momentum ratio is the primary parameter controlli_ pitch control interaction.

,/ As_mr.ing symmetric firing of pitch nozzles, the only other induced force should be
: an P_l force which is shown in Figure 3-35. This figure shows the same sensitivity

_ ¢_".Q_ial force to suppiy pressure seen in Figure 3-31 indicating again it is the plume
dean onto wing and body flap which is the primary problem of the roll control.

3.3.5 NOSE UP PITCH DATA - Figures 3-36 and 3-37 present data for the nose up
pitch Jets firing past the fin, again tested with one side firi_ only. The data show
some scatter at big, er angles of a_ck on Figure 3-37 but increasing supply pressure

vrings the data closer to an amplification Of I. The accuracy of the data improves
at hi_her supply pressure an_ the interpretation Of the data is that no appreciable
pitch interference is experienced for these Jets.

i: _ 3-26 "
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Figure 3-22. Yaw Jet Induced Effects - Effect of Supply Pressure at
Mach 4.0, Re = 1×I06/ft
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Figure 3-24.Effect of Chamber Pr#ssure With Positive Roll Jets On at
Math 4.0, Re = l×10-/Ft
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4.0 DATA ANALYSIS

In order to predict the effects of the reaction control system Jets on the full scale

vehicle, it is necessary to determine from the data, if possible, the major parameters
which effect the plume/flow field interactions. Fortunately, the yaw amplification
and the nose up pitch amplification appe-zr very close to 1 so that no analysis of this
data was required. The side force an_plification and normal force amplification are
of lesser importance and no analysis of this data was attempted because of the scatter

and because the analysis of the moment data should be applicable to the force data.
There then remain five interaction effects which must be analyzed if possible:

a) rolling moment due to yaw control

b) pitching moment due to yaw control
c) rolling moment due to downward firing engines
d) pitching moment due to downward firing engines
e) rolli_ moment due to upward firing engine

' 0 yawing moment due to upward firing engine

Not all of these interaction effects are of equal importance, the problems of nose

downward pitch amplification and roll amplification are the most important by far.

: However, a limited amount of data analysis has been done on all of these interaction
i / effects.

4.1 EFFECTS OF JET EXHAUSTING TOWARD WING

Section 2.1 presented a munber of possible correlating parameters and Figures 4-I
to 4-11 present the incremental pitch and rolling moment coefficient data obtained

! from LRC runs 41 throt_h 53 as well as the MILch 7.4 data from Ames run 38 correlated .

_ against a number of these parameters. These runs were used because the only Jets

being treed are the pitch/roll Jets exhausting toward the wing and body flap. Flgu,'e

4-1 shows a strong correlation at all Math numbers (2.5-7.4) and Reynolds numbers

(1 x 106/ft and 3 x 106/ft) for the incremental rolling moment with momentum ratio.

The pitching moment data also shows strong nearly linear correlation except for the
Mach 7.4 data. These same general results are shown in Figure 4-2 for thrust ratio)

Figure 4-8 for exit pressure ratio, and Figure 4-9 for the ratio Poj/q_. This was ex-
pected since all data at all Math numbero was obtained from one nozzle and with one
nozzle these parametors are constant factors times momentum ratio, In Figure 4-3

correlation of the data versus mass flow ratio show a very interasting trend. The

incremental pitohtng moment at Mach 7.4 shows good correlation with the other
Mach number data while incremental rolling moment is slightly poorer. The good
correlation of the Math 7.4 pitching moment data could be taken to mean that mess

4
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flow ratio is the most important parameter not momentum ratio, but for a fixed nozzle

based on nozzle exit area the mass flow ratio is equal to the square root of momentum

z/2

ratio times temperature ratio and this is interpreted as a possible temperature ratio
effect in addition to the momentum ratio effect. Figure (4-4) shows the tunnel data

was obtained at 4 kinetic energy ratios which consists of the product of temperature
ratio and Mach mamber ratio. Tlis figure shows that temperature effects must be a

secondary effect compared to momentum ratio. Figure 4-5 shows a good correlation
of the data at Mach 4 with the Mach disk height Jet interaction parameter, given by
2-1 which also relates to momenhun ratio at fixed Math number. The lower Mach

number data betug off of the Mach 4 line leads to the interpretation that momentum
ratio is the better parameter. Strike (reference 19) correlated Jet interaction data !i
to a parameter 4_based on an application of the blast wave analogy to the Jet inter-
action phenomenon and has the following form

:' where

1 c = wi_ chord length

u

M2 Or- TO!

%-]" \p_ o/

4-.2
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In tiffs correlation parameter, all the Jet properties are referenced to the conditions
existing at the nozzle throat instead of the conditions existing at the nozzle exit. The
data of Figure 4-6 shows good correlation at Mach 4. ¢"but the parameter does not
work for the other Mach numbers. A correlation against plume initial turning angle

is shown in Figure 4-7 where again some correlation is seen within the Mach 4 set
but not at the other Mach numbers. The Mach 7.4 data on Figure 4.-8 argue against
exit pressure being a prime correlating parameter except as it occurs in the momen-
tum ratio. Section 2.3 suggested that if a near vacuum plume impingement analogy

were the primary cause of the induced loads then plume size and Poj/P_ from equation
2-24 or Herronts parameter (reference U) would be good correlating parameters.
Figures 4-10 and 4-11 do indeed show that these parameters do correlate with the
da_a at Mach 4.0 but again the other Mach number data must fall on different curves.

On m overall basi_ it appears that momentum ratio is the primary parameter
causing the induced moments and that all other parameters are secondary.

4.1.1 PLUME IMPINGEMENT EFFECTS -If moment ratio is the primary parameter, ii
is it because the plume impingement loads are the predominant effect ? In order to
answer this question and to be able to correct the data for the fact that the model

pitch down nozzles were out of scaled position due to model stress requirements,
the plume impingement moments were estimated using the 5 point method (equation
2-20) to define the plume radius at the wing and body flap based on an equivalent

single nozzle (area equal to the sum of individual nozzle areas). Isentroptc flow

: expansion was assumed from the nozzle to this area. Since the plume Math number
was high, a modified Newtonian approximation was used to define the st_nation

pressure at the plume centerline. Tl_is Stagnation pressure was assumed to apply
across the entire plume radius since the buildup of body boundary layer from plume

u flow would keep pressures higher than the source flow assumptions of equation 2-25

and it should be a conservative assumption.Figure 4-12 presents a sample of the prediction of pitching moment resulting from

plume impingement at the Mach 4, Re = 1 x 106/ft test condition. Note that
most of it comes from the body flap which is due in part to the pitch Jets being in-
board of their soale location, but is also an indication that the primary part of plume

impingement effeots is on the body flap and in the base region.

4-3
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4.1.2 PRO.POSED EMPIRICAL MODEL - Since Figure 4-12 showed that most of
the plume impi_ement occurs in the body base region, the predicted plume impinge-
ment rolling and plteh/_ moments were removed from the incremental data of
Yre 4-I.

bCmint _Cm - Cmim p (4.-4)

The resultant interaction increments are shown in Figure 4-13 as a funotion of
momentum ratio and from which the expressions

: +0. 0002637/ O._j'_1"03824 (4-6)

\'o/
were derived.

il Attempts were made to find ways o! improvi_ the correlation and to correlate

t bas,_d on the ratio of the interaction increment to Jet moment as is done in ampl/fl-
cation factor. Fibre 4-14 shows that this results in muoh larger soatter at the
low momentum ratios where thrust moments are near sere and no better correla-

tions could be found at this time. Thus, the proposed emplriosl model of Jet
effeots is:

4-4
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a) roll oontrol
I rolling moment

C = C£ D+ (_-7)_tnduced CLu

where C£ will be defined in Section _. 8
U

and C_D - C,irn; .C£I_t (4-8)

C = predicted Imp/ngement rolling moment
_/mp

_CZlnt= equation q-5

" H pltch£ng moment

, Cmlnduced = Cmim; _Cmint _4-9)

Cmim p = predicted impingement pitching moment

AC = equation 44
, mint

" b) pitch down cc¢_rol

c = +9(_cmtnt) (_1o)mtnduo_d C_mp

Cmimp = predicted impinpment moments

bCmint u equation 4-6

I

4-5
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4.2 EFFECTS OF JET EXHAUS_I_ PAST FIN- The ds_ from Langley UPWT runs I

54 to 66 was used in this correlation. No Mash 7.4 data was obtained for the single IiJet exhausti_ past the fin. The reaction Jets mounted on the right side of the fin i

Jet thrust. Figure 4-15 shows that a negative rolling moment is induced on the fin
as well as nose right yawing moment by this half of the roll control. Figure 4-15
shows also that the induced effeets are very sensitive to angle of attack and also to
Jet pressure. There appears to be an angle of attack near 40 degrees where all the
induced effects disappear.

Figure 4-16 shows that there appear to be correlation of these induced effects with
Jet exit momentum ratio but that the angle of attack effeets cause a large scatter. A
number of correlations were attempted to remove this angle of attack effect without
appreciable success. A correlatten of the incremental data raticod by the RCS

thrust moments against momentum ratio showed that using such a parameter 1
increases the scatter as the thrust moment approach zero. J
Therefore a correlation was made of the peak inducod effects against momentum ratio.
Figure 4-1"( shows that a rather oonststant trend was found for the angle of attack at
which the peak incremental loads occur when plotted against Jet momentum ratio. An
extrapolation was also made of the data trends above B0 degrees and it appears that
above 39 degrees all induced effects on the fin disappear. A correlation of the peak
rolling and yawizg moments was also made qpatnst momentum ratio and the following
empirical relationships were obtained:

1 0._I"98545= (4-11)
-. oooos7o47,®/

A

t: : o.oooxlx6(°_Lx'°sTs..

and these curves are shown in Figure 4-18.
i .... J

Comparisons were made between the single 3st ezzausfl_ upward data and the data 1
for complete roll control with the Jet down data removed. This data showed much I
less effectiveness for the Jet exhausting upward caused by the down Jet effeets on the
body (see oil flow data in roferenoe 1), and equation 4-11 was multiplied by

0, 46 to account for this coapling effect, li

4.9-.1 EMPIRICAL MODEL - Equations 4-11 and 4-12 can be combined with t
Figure 4-17 to predict the peak yawing moment and rolling moments of tim roll
Jet exhaustl_ past the fin andthe angle of attack st which they occur. The data
on Figure 4-15 shows a sine curve shape for the data aboveand below the peak

! value angle of attack. Thus, the proposed empirical model for this pa_ of the roll
;" control becomes: ,

4-6
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TIT _ _ _pEmk

Cnindueed m £Cnp stn (2._.. e_ ) (4-18)

No plume lmpi_ement oorreotions have bee_ attempted with this data at this time
, but such oorreoflons would be important for h/gher altitude simulations.
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_/ i 4. $ EFFECTS OF JilTS EXHAUSTING OVER WING

_l! Figure 3-15 showed that the yaw Jets did induce a nose up pitching moment aad a wing
,_'_ down rolling moment and the incremental induced data from Langley UPWT runs I

'I through 20 as well as two Maeh 7.4 runs were analy_ed to see ff correlations were

possible for these induced effeets. All yaw data was obeyed with the yaw Jets on
the left side creatlng a negative (nose l_Ft) yawing moment. Ff_re 4-18 shows that

i these Jets induced a left wing down (negative) roll and a nose up pitching moment" which increased with increasing a_le of a.._tt_okup to the highest angle tested.

: ' Figure 4-19 shows that there is a oorrelation with momentum ratio but that the
i ii scatter from other factors,principally angle of attsok, is very large. All correlations
_i_, of the incremental data showed this large s_tter so correlations were made with

the inoremental data raticed by the yaw thrust moment as shown in Figure 4-20.
Note the change in signs oaused by the negative yaw thrust moment.

Figure 2-21 showed that the angle of attack determined to a large degree the extent
of the wake region at the exit plane of the yaw nozzles and Figure 4-21 shows two
parameters which were generated based on this hypersonic approximation in an
attempt to account for angle of attack effects. The first of these parameters is the
distance along the centerline of the nozzles from the nozzle exits to the edge of the

wake region (Yedl;e) and the second parameter is a measure of distance from the

I plume maximum diameter (Ymax) to the edge of the wake region (Yedge "Ymax).The plume distance to the maximum diameter was determined from the five point

i method. If (Yedge - Ymax) is negative the plume tries to penetrate into the flow, ff
positive the plume fully expands iuside the wake. Figures 4-22 and 4-23 show
correlations of the incremental induced data with these parameters. The data shows
a strong correlation but the momentum ratio or other thrust related effect still must

: be taken into acoount. Figure 4-24 shows the induced data ratioed by thrust moment
again whioh removes most of the momentmn ratio effect on rolling moment data

! although adding scatter at low thrust to the pitching moment data. The straight
lines shown on this figure represent the data correlating equations:

.c,,r \ i

----- " " 0.031956

CnT \ dequiv / - 0.44956 14-201

4-.8

./

° nnfinnnro'_T =n_i
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4.4 EMPIRICAL MOI_L SUMMARY

Based on the observed data of Section 3 and the data analysis of Section 4, the
recommended empirioal model for RCS thrust effects is:

4.4.1 NOSE UP PITCH RCS

Cmcontrol= Cmthrus t (4.21)

4.4. 2 NOSE DOWN PITCH RCS

Cm_ro t= Cmun_ + _Cn_mp+ _Cmi_ _z_)

co.oooo,,,• 14.._s)
@®

ACmtmp = pMoted impingement (both sides)

4. 4. $ ROLL RCS

_ _o,,_-olc_=.,=_c_p

- C,/,tmp" pMoted impingement (1 Jet)

!' 0.'/1236

cn_ru_ o.ooo_9.eos(__.L_ (4..zs)c,=-ic,,=_I . . ®.
a) _>89'

c_= o (4-27)

" b) o_pesk<cv< 39" Upeak = f ____ F/sure 4-17t1,®

. ( (,.:,j) 98845

'2

!
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,(

', (4-30)

%.k
II induced yaw

a) Ot> 39"

C = 0 (4-31)

b) _peak < _ < 89"

Cnlnd = ACnp sin (@ /_ _ (4-32)

= _ .0001216 (4-33)

t

,' o) _<_peak

! XIX induced pitch

C = + CmLnd (4--35).. mind Cmimp

Cmim__p 1 side Jet impingement

I, 03824c_=o.ooo2_ (_.3e)

4.4.4 YAW RCS

I C " (4-3't)
nooatrol Cnthrust

: 11 lndured roll

4-10
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e

i:

:__ CL_J" C ,014206

m induced pitch _,_

Yedge = fix,or, Znoz)

,, i Ymax = XmIx from equat/on 2-20

?

!¢

i-i
_-i.
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4.8 SCALING LAWS

The empirical model of the preceediN_ section broke the total induced load into a

oomponent oaussd by plume impingement and an induced component and scaling
must account for these two part,, of the total problem. It also appears that the

s_linK of one does not result in+he scaling of the other.

4.5.1 IMPINGEMEI_. - The empirical impingement model of section 2.3 related
both the plume impingement pressure and area to the plume diameter throq_h
the Newtoninn pressure approximation, and isentropio expansion assumption. The

plume diameter was then specified through a parameter which is approximately:
512

Rj<.e948s)/ ")  898. .
Rmax _

Thus to obtain a good approximation of tim plume impingement loads it would appear

that a scaled nozzle diameter, expansion ratio, exit angle, and clmmber pressure to
ambient pressure ratio are required. These requirements do not appear to be

otmsietant to the scaling required for the interaction part of the problem and it
would appear that impi_ement data should be obtained w_th sealed _qzzles in a

vacuum chamber where _j_ would be corrected for (1+¥ M_ "FAI_ . It also appears
k"

a_

that the impingement part of all wind tunnel test data should be sstimeted and corrected
out of the final interaction data.

4.5, 2. INTERACTION - The empirical model of the preoeedi_ section shows that Jet
exit momentmn ratio is the primary parameter to be matched to scale pitch data to

full .scale and the thrust coefficient fs the basic parameter for yaw data seali_.

The Mach V. 4 pitch data of Figure 4--8 also indicated a possible effect of tempera-
ture ratio as does the Jet interaction data of equation 2 -9_ although Thayers criteria
indicates that such effects should be small for these monopropellant thrusters.

Sufficient data does not exit t_om this test to isolate other parameters and at this

time, the recommended procedure would be to match momentum ratio, thrust ratio,

and temperature ratio in any other test to obtain a scaled nozzle and to correct the
resulting induced data for the predicted scale nozzle impingement to obtain the
interaction increments.

++
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5.0 AEROTHERMODYNAMIC PERFORMANCE

The severity of the aerodynamic heating during entry is presented in Figure 5-1
which is the reference heating rate to a one foot radius sphere. The heating rate

history was computed from the Convair P5613 computer program, reference 90.
It is noted that during the high aerodynamic heating portion of entry, the pitch and

roll control thrusters are essentially non-operative, while the yaw thrusters will operate
throu_ the total beat pulse of the induced environment. Therefore, only the effect

of yaw thrusters Jet-stream interaction need to be considered in this analysis.

The RCS thrusters located on the aft fuselage pod is shown in Figure 5-2 with
details of the left rear module, a cross section through the pod and the TPS arrange-
ments and average dimensions as obtained from reference 21. As noted the pod

will also include the orbital maneuvering system (OMS) oz_lizer and fuel. Each

module will contain 2 monopropellant helium pressurized tanks (hydrazine N2H4)
to supplied 12 RCS thrusters using catalyst beds for propellant decomposition to
provide orbiter pitch, roll and yaw control. The TPS of the pod consists of a
ceramic reusable surfa_ tzlmflation (CRY) which is a 12 pof mullite material

(mated for water-prooff_ and handling protection. The CR_ is bonded with 88 peg
RTV to a 28 pof foamed elastomeric strain isolator (SI) pad which is, in turn bonded

to the _umtnum structure with RTV. The maximum allowable surface temperature

for the CRSI is 2500 ° F. Also, a minimum thickness of 0.5 inch for CRSI is estab-
lished by handling and fabrication cmsideration. Sizing of the TPS over the pod was

done by Rockwell International from theoretical aerodynamic heating simulation using
a maximum temperature limit to the SI pad of 650°F or a 3500F maximum temp-

perature on the alumimzm structure during entry. The TPS dimensions shown in

Figure §-2are representative for the pod. A coating over the CR_ external surface

wilt have an _s/e _ 0. § with e = 0.8. In addition, the TPS will include TG 15000
insulation behtfid the alumimnn structure to protect the RCS components such as the
b_Irazine propellant and lines to the maximum temperature limit of 1500 F. Further-

more, heaters are required to maintain the propellant above the cold limit of 40° F
_ during the orbital operation.

In order to p3rform the RCS module and OMS pod TPS analysis the heat flux experi-
enced during the entry trajectory from the peak yaw thrusters Jet-flow field inter-
action is required. The yaw thrusters which are used two at a time were assumed

to be operative through the majority of the entry trajectory. The wind 0_n_l data
correlations presented in Section 2 fo, the peak pressure, the corresponding peak
heatt_ and the peak distance from the Jets were utilized. Correction for the Jet
gas temperature, Jet gas moZecular weight and Jet clustering were also obtained
from the experimental data. The heat transfer resLdts obtained at NASA Ames

3.5 Ft HWT were then used for the extrapolation to flight,

5-1
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The flight Jet to free stream momentum parameter ratio, @I/¢®, along with the
corresponding total temperature ratio, Toj/To_, utilized wlth the experimental
data are shown in Figure 5-3. Also shorn/is the flight Mach number, M®, and the
momentum ratio which was _imulated at NASA Ames 8.5 Ft HWT, using the I. 5%
scaled RCS thrusters. The Jet interaction peak heat transfer coefficient raticed
to the heating at the stagnation point of a one foot sphere nose radius is shown in
Figure 5-4, based on data at an angle of attack a = 30° , which will be experienced
during most of the entry trajectory. An average Jet interaction heat transfer
coefficient which is about 15% of the sphere value is shown to be experienced over
the pod. Exception is in the early phase of the trajectory, where the low free
stream value of pressure will cause a h_her peak. However, as noted in Figure
5-4, due to the much lower heati_ at the hlgher altitude, this peak heating level
will be small. Also shown on the figure is the peak heating over the pod without Jet
interaction as eaused by the wing vortex reattachment stagnation line, neglecting

; the effects of Mach number and Reynolds munber. As noted in the heat transfer
data presented in Sect/on 3, a yaw angle _ of 5' will double the heating environment.
Therefore, ff during entry long transient maneuver induces large yaw angles, this
effect should be considered. The location of the peak over the pod as a function of
entry time is presented in Figure 5-5. The results indicate clearly that the peak of
the interaction will be limited mostly to the aft portion of the pod and th_ at the h/gh

altitudes the peak will move well upstream over the pod.

5.1 POD STRUCTURAL HEATING

i The objective of the TPS thermal analysis was to verify a nominal sizing of the CI_
! assuming an average thickness of 1/2 inch over the pod under the entry heating

loads. In addition, reeiztng the CI_ was performed, its thickness being dictated
by the 650" F maximum temperature limit at the foam pad bendline. The thermal en-
vironment used for the verification was those with and without Jet interaction as shown
in Figure 5-4. The _ansient temperature through the TPS was obtained with the aid
of the Convair P4560 computer program, reference 22. A thermal model of the
TPS was broken down into numerous nodes and the simulation used the materials

thermal properties data defined in reference 21. A simplified one-dimensLonal
thermal analysis was used since the low thermal conductivity of the CI_ and foam pad
will not have much effect in reducing the peak local temperature from lateral conduc-
tion.

The results for the transient external surface temperature of the CI_ are presented
in Figure 5-6 with and without Jet interaction and show values which are within the
capability of the material, which is a 2500" F temperature limit. However, the foam
pad bondllns allowable maximum temperature of 680" F will be exceeded in both cases,
as induced from the stagnation line of the wing vortex reattachment (800_ F) and the

'0
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4'

Jet-stream intera_ton (1200" F), assuming a constant CR_ ooverap of 1/2 inch over
the pod. Resiz/ng of the CRS_ was then accomplished and the thickness required to
take the peak heat loads from Jet-stream interact/on is found to be 1-1/4 inches, from
F/_re 5-7. It should be noted that this CI_ thickness requirement will be applicable
only to the aft portion of the pod and over the RCS engine module as indicated by the

peak distance location in F/gure 5-5.
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. tlI 6.0 FULL _CALE RC8 CONTROLEFFECTS

In order to predlot the full seals omtrd effeo_veneas and tnduoedeffeote of tbe
moaopr_Wllmt_ine reaouonoontroleq_u_ duffs tbePnn om_Zunum
entry tt was neoessmry to oombino the mupirteal model presented in seotiou 4 with
tbevehteleseoa_ datasndeqfm dataofSoetioa2,tbeplumeinspispment
modeld Saetioa2.8. andtbetr_eoterydstaofFIzure2-U. Thedmawaspnem-
ted ustq the mean annual Kennedy reforenoe atmosphere ss the model atmosphere
for compumwtin fight oondimm aloq theentrytnJe_orT.

• The momeatum ratio wbish represents one of tim most important sealiq parsmeten
'i is shownin Fisore e-I as a funotionof Idaohnumber,endis basedonnozzlereferenoe _

area_ This figure shows that tim momentum mt/o remains fairly low and w/thin the
region odthe test results up to a _ memberof it8 whtoh ooours st an altitude of
over 260,000 feet outbe entry tzKJeotoryused In this study. T.dSStbe results up to
tlds Math number lie with/n the range of the empirloal modal of 8oott_m4 for the

_ parm_ten basedonmomentumratioandeztuq_lntio_ areml_ madeaboveth_
dtuqns the very early portion of the entry where the free sW#m dynamfo

_, prossure is very low. Figure 6-.2 presents the thrust ooeffioien_ for t siqle zlaetiou
_ oontrol Jet based on wing area as a funet/vn of entry Mach number to illustrate the
_ inoreasisg mqnttude of thrust forces to serodymunio forces at the very high altitude-

Mash cossfttions.

i In the lmg/tudimd and lateral-dtreotiomd oontrol effeote presented below, tlm moments
_ arereforeneedtoa wiag area of 8_5 ft2 and are taken about a eater of ftnvity
!i loeationat_ of'bodyleqth, a w/nsmeanaerodynamicobordof 48.8 ft is usedfor
F pitohl_ moment reference length and a wing span of 84 feet was used as yaw moment

and _ n_-ment referenoe Length. Two nozzMs were ope_ted fox*

6.1 PITCH CONTROL

The empir/md model shows that the nose up pttoh oontz_ Jets orNte no intenmton
fundIn,]uoe no other ser_e loe4s, thus, the nose up pitoh _ Lsalwq's
1.0 and the _ of tim pttoht_ moment is equal to the thrust momeut f0ven in
Figure 6-8 as a finer/on of entry Mash numbor.

The nosedownIdtohcontrol moment is given in the emptrimd model u the sum of
the thrust oompouent, tbe impin_ment oompouat, and tk _on oompoaent.
Figure 6-8 shows the total p/t_Mq moment of the nose downpiteh RCfJJets as well
as the Implnpmmt oompmmt and the nnq_tude of the thn_ oompomat. The sJsn
of the thru_ oompoaent wmdd be nelpth've(-) ff it were shown on the p|et. Tbe total
moment of the nose downplteh oontrd Is ue_ly aero st ell Idsch munbers which is
mmaed by the nose up Impinsement and interest/on moments oounterastl_ the nose
downthrust moment. Fisssre e-4 shows thst tbe nose down plteh oontrol has some

' :4 i
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effeetivenms at the lower Mseh numbers but eontrol reversal is exhlb/ted at the

!-::ii hheet mmbers. F/Suret-Xshowedtlntthepr/maryuse pltohoontrol/s
st tim hiShoet Maeh munbers wbero tim eontrohsbeoomo lneffoattve. Figure 6-8

...... ,dso showsthe bnlremssnitudeof phune _ment effeots st these high Mseh
, numbers and dem_ tim importance _ obta/ntn_ so81edplume impingement

data as susgested in 8eot/oa 4 fn order to maim bettor mtimstes of ooutroi effective-
_ hess at these high Maoh _s.

6.2 ROLl, CONTROL

_'ii The roLLemtrol data,presentedIn this sectlon was _ at the nomln81angles of
,', attsok during entry gtven in Figure 2-25. The roll ooatrol effeotiveness and tudueed

yaw eaeot are very sensitive to angle of sttaek through equations 4-_8 to 4-a2.
F/zzre e-s presents tin nu_uttude _ the thrust roll/aS moment, the total roltu_
moment, and the msgnttude of the impingement moment. The impingement moment
tlw awe sot8 to oppose the thrust moment while the total moment has the same sign.
Figure e-e shows that the rolling moment has its lowest effeotiveness in the inter-
reed/ate Mseh re_e and tnoretees at the higher Maeh numbers. Tide ts in la_e
pm-tdue to the Inoreui_ nominal angle of streak (to 34") at the hlghest Mach
numbers. Roll control effeottveness would be sharply reduoed if the usle of attaok
is less than nondnal at these Math numbers.

o The indued pltoh end yaw o_sed by the roll _ntrol are shown tn Figures e-_ and
e-S. The pltoh is always nose up (+) and ts oaused by the roll Jets
downwardInters_l_ with tho wLnsflow. The yaw moment is low be_xme of the

f high ansie _ sttaek on the nora/hal trsJeetory but wW always have the eame s/sn as
the thrust roiling moment.

!i 6.8 YAWCOh_FROL
The dsta of Seat/on 8 showed that the ysw ampl/flostlon was very close to I and the
emp/z/cs/model assumes that it is I. 0 _ means no i_ yaw moment, thus
ylwinK moment is _ in mas_tude to the yaw th__mtshown in Figure 6--9.

The yaw oontrot does lnduee a nose up piteldat moment and a _ down rolling
moment as shown in Figures 6-10 aad 6-11. Tbe pitob/ng moment ie always noee up
( œthe yaw Jets tntersot with the flow on the _ edge of the win8 while
the sign of the inducmdroll ts elways the same as that of the yaw thrust moment.
Both of these eurvm peek tn the iatermediate Mseh range where the oorrelstion pan-

meter ((Yedge"Yma_/de) beoomes more nosaave as the plume g_ws larger and
Ymax tnorease8 at the higher tltltudos. Eventually the size of the plumetake the
oorreltt/on well beyond the ranse sohteved in tbose testa. Thus the high Maeh data
beeomes very doubtful unttl morntest results esn extend the data ranse.
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7.0 POSSIBLE SOLUTIONS TO ADVERSE.JET INTERACTION

Sections 4 and 6 demonstrated that there are two major problems with the reaction
control system at Its present looation; the adverse pitch up which occurs when the
pitch down Jets are fired and the adverse roll (and pitch up) induced when the roll
Jets are fired. Both effects have been shown to be connected largely to the Jet ex-
hausting downward onto the wing and body flap and it is the resolution of these
problems for which the following possible solutions are proposed.

'f.1 ALTERNATE LOCATI(3NS

_ Three alternate locations are sagpsted for the RCS as potential solutions to the Jet !i

interaction problems. They are dis_tssed in the following sections. 1

7.1.1 WINDWARDSURFACE MDUNTING, A full resolution of these problems ii
could be achieved if the nozzles firing downward would be moved from the OMS ' i

i pod onto the bottom windward surface of the body or body flap. In addition to
eliminating the adverse effectsj the lower Jets would act as classical Jet interaction

" i controls and should have amplification factors Ereater than 1. The net result would
be that less fuel would be required or possibly even fewer engines so that a signi-
flaan_ weight savL_gs may be ac"_ved. Loo_tton of the RCB thrusterson theJ
lower surface of the orbtter, h_ cer, would result in turbulent separated flow due
either to the nozzle cavities or _o let interaotion and high hesttng would result.

' Refe_en_ $ shows however that this increased heath_ oan be and was ssflsfactorfly
han_ed In actnal tests.

T.1.9 FORWARD FUSELAGE UPPER SURFACE. Another possiblo solution
would be to move the pitch down Jets onto the upper surface of the vehicle ahead
of the center of Eravity. Roll could be aohieved by firing both fore and eft pitch
thrusters on the same side.

T. 1.3 LOWER BIDE MOUNT. Assuming th_ moving the pitch down Jets is

aooeptable but the two previoas lomtio_s are not, another possible location would
be _o mount these thrusters in separatepods much lower on the vehicle such as
sketched in Figure 7-1. The pods would be loonted at sufficient helEht for elevo,
and body flap olearauoe and oould be oonnected to the RCS rankle in the OMS pod.
In this position most d the plume should be exposed to windward side flows and a

i posslbtli_ of tnteraction and amptffiontions greater than 1 eKists.strong positive

I 7. _- GEOMETRIC CONBIDERATIONS

ff the nozzles oannot be moved to another loomion, them are still soma possible

thinks which can be done to minimize the adverse effects.

t 6
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7.2.1. ,,H_HER EXPAN_ON RATIO NOZZLES. The first solution of this kind

. would be to increase nozzle expansion ratio. _he empirioal model generated in
Section 4 showed data correlattons with momentum ratio and, for a fixed
chamber pressure; increasing expansion ratio increases exit Mach number which
results in decreasing exit momen_lm ratio as shown below:

, % P®_ M®_A® !

*J-,x Pj% "" _00

A1 "vji! .i
where K m constant m ,

P| Po|( x +i t,
'i eoj;xx-xx,_--uj

% _ 17-s)

For example

I At ._j- x.sandMj- s. *-t. - o._l,,s xx c7-4)

i If M| " 4 . O__J..'m0.07962 K,,'®®

Also, inoreasisK pitch/roll oontrol ezpansion ratio is a feasible solution since it is
intended to operate at hiKh altitude only where the plumes are MKbly underexpanded
and not at low altitude like the yaw thrusters where exit pressure ratios approach 1.

7.2.2 SLOT B .LOWING. Another method of increasinK the effective nozzle expansion
ratio of the pitch/roll engines is to add two side walls (Fl_tre 7-2) to the sides of the
thruster module to restrain the plume expansion in the thrust direction by 811owing

the plumes to expand in the 8xlal direction.

'" I

i 7-2 |
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_, .... The sl_; _uld _twe the plume to spread in an axial __ and less in the span-
2 wise direction deoreasing the plume width at the wing or flap and thus have less
:_ lnteraetlo_
"2.,

7.2.3 BASE SIDE pLATES. Plume Impingement in the base region is the largest
Implage_ont moment as was shown in Figure 4-12. Time enoloeisg the base with
side plates as illustrated in Figure T-8.should eliminate this part of the problem
and a net Kain in ooat_l efYeetiveneas should be the result. These side plates

as large as shown In tl_"_

_{++ 7.2.4 ..BODYOR WING FLAPS. Retractable flaps n_unted on the side of the body
: (Figure 7-4) or on the wing or devon (Figure 7-5) could possibly work to shield

;) the wing from plume flow and tiros reduoe the _on between the plume and

i ! the _ flow. The wing flap height would be determined by the shook heigl_ from
equation 2-91. Figure T-5 show_ two different wing or elevon flap combinations

ifi and the _ portion of the "b" set could be part of a fixed (or retrast_le)
wing fence while the spanwise porti'_n would be retractable like a spoiler. Flap

ii "a" would be retraetable. The b_,_1_flap shown In Flgtwe 7-4 would be hingedat the front edgeandwould be alosed exoept during early in re-entry when the

i pitch/roll en_nes are used. The _m:_tomof the flap will have to olenr the elevmsat their full defleetion.

7.2.5 WINGFENCES. The oil flow pictures of figure 3-_3 and 3-30 showed that
most of the lntemotion appears to sorer near the wing tip, tim, wing fences
such as shown In Figure 7-6 mab' prove effeotive In koeph_ the plume flow from
reaching the tip and/or limiting the region of interaetion.

7-8
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8.0 CONCLU_(ONS

The Interaction between reaction control _ystem plumeq and flow over the leeward
surfaces of the Shuttle Orbiter vehicle at hfgh ankle of attack in supersonio and
hypersonic flow is a very complex Interaction. The aerie force madmoments
generated by this interaction have been shown to be large relative to the reaction
control system goroos and generally counteract the control input, especially when
the plumea impinge on a vehicle _e and the control forces are .-.educed or in
some inata_o_ reversed•

8• 1 STUDY CONCLUSIOI_

1. Cold flow simulation adequately matched temperature ratio of the full
soale hydrazlne rockets for force data based on Thayer's criteria.

" 2• Data aczmmoy of moment ampllfloatlon data was found to be very good with
a predioted soatter of less than 0.1 for mosS test data.

3• Yaw control interaction Is small however yaw controls do Indnco unfavor-
.i, able pitch up.

J 4. Roll con_ol interactions are large creasing roll reversal at ankles of attack=

_ where the fin flow becomes importanf5 very low etfeotlveness at all angles

of attack, and a nose tip pltchll_ moment.

6. Roll control plume offsets on wink are not angle of 8_tok depaudent but
correlate best with plume momentum ratio; 811other reties appear to have

: lower importance•
/

i 6• Nose up pitch control interactions are small with little unfavorable effects. "

_i 7. Nose down pitch interactions are large causing patch reversal and appear

ii to be duo primarily to plume impingement interactions on wing and on body
flap

t

il 8. The heat transfer data obtained indioet_ that the thermal proto_ion system
I, would have to be resized at least over the aft portion of the pod due to the

Increase in heatin Kfrom the interaction.

9. The problem must be eua_sl_d as two parta:
a) plumeemeat
b) plume/flow intoraotion

because the soalisg parameters for those parts am not the same.

8.2 STUDY RECOMMENDATIONS;

1. Further testinK to ddine the pressure and beat tranKar dlatributltma on
the upper surfaoe _g the win& thselase side, pod and taft surfaces Is

8-1
'i e

_-" ........... _'.............. :._"-_"7,_ "_'- _,....... _ "? " _" _ _ . "/.._'? "'"-_._... _._:._,,_,.a

00000003-TS



!

CASD-NAS-?3-020

• 1

requl_ed. Maeh number and Reynolds mmber effects should be
simulated. Integz'aflon of the surfaee pressure will determine the
eurfaee loading produced by the Jet-etream lnteractfon. _i_teheat transfer
diett_utlons _ be important to re-_val_mte the thermal prc_ecticn eyetem
on the wing upper eurfaee taft aud aft fueelage side.

2. A pmsettre test Is zequtred because it is more diagnostic than a force test
and will allow better definition of the parameters whteh affect the plume
tnteraetlon region a_d the induced preeeure rmultl_ from tn_raetion

'-' allowing the results to be used to develop an empirical model o_ interaction.

3. A plume impingement test prosrazn should be undertaken In a vaecum
_ faeflity sueh as the NASA-_FC IBFF using exact scale nozzles to

f'Johd;ethe RCS liume impingement induced loads.

4. RCS yaw controls have a good location _dthou_h sweeping the thrust vector

i 10_ oft Is recommended to reduce the indttoed pitch up.
' 5. RCS nose up pitch control have a good location although a small (10°) roll-

i out c[ the thrust axis to move the plume away from the fin would approve
i the rolling moment eapabfli_.

i 6. The RC8 nose down pitch roll oo_2'o_ do not have a good location because
i plume Interacttcms with the upper wing surfaoe eauses adverse ldtdz/roll
! Interactions and an alternate location should be sought.

[ 7. _ze most desirable alternate loeatlon (strictly from control standpoint)

i .would be to mount the pitch down/roll nozzles on the a_; fuselage body
flap so that the nozzles e0ctendthrough it onto the windward side of the
vehicle. All lnteraeti_ that would ooour wadd than be poeittve

_. (Kz_ 1.,K L > 1) and no eantfn8 wotdd be necessary e_eept ff required for
i heating. Aere heath_ In this loeatlon is amenable to solution as indicated
_ in re_arenee 3.

8. The most desirable location would be on the side of the body :Justabove
the upper devon limit ea.__at_dto avoid Impingi_g eu the upper side e_ the
body flap. Positive interaction should result.

9. Othe_ eoluflol_e to the pitoh down/roU problem might inolude:

a) Inoreaeing pitch thrueter expansion ratio
b) Creating a slot nozzle
o) Forward fuselage upper surface nmmtIDg with rol_ by both fore and

aft eontrole firing simultaaemmly
d) Canting the nozzles to muim_e total effectiveness

, 8-_
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e) Upper wing surfaoe fixed or retra_m_J31e,ohord wise fences to keep
the plume lmpln_me_ flow from movl_ forward and spanwtse on

Application of "Jet Interaction" theor_ to this problem ts limited by the fact that
the plume Is not is+ling from the surface expertenolng the prims_ ln_otton but
is rather impinging on it, and that the surfaoe Is a leeward surfaoe which to a large
degree is already e0q_ieflctng separated flow. Thus, it appears that what is
required is a hypersonic test _m in which surface pressure is measured in

suffloieat det4dl to asoertain the e_en_ of the i_eracUoa regton, the pressures i_
tndueed by interaction and to isolate the important free stream and nozzle parameters
which contro] _ interaction. Flow vtsual/zatton runs are also needed to show the

flow patterns which aocompany the presatre data so that the contours of flow between
presmLre taps can be assessed. Heat transfer data Is also very important to assess
the flow impingement h_teractioa effects p_oularly for the alternate _ation
lO08,tiolls.

!.

i
+.
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